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Executive  Summary 


The  objective  of  our  Director’s  Strategic  Initiative  (DSI)  research  is  to  help  pioneer  a  quan¬ 
tum  repeater  network  beyond  the  US  Army  Research  Laboratory  (ARL)  environment.  Re¬ 
search  was  conducted  to  establish  the  scientific  underpinnings  to  facilitate  developing  a 
quantum  repeater  network  between  ARL  and  nearby  institutions.  The  long-term  goal  is  to 
achieve  a  quantum  repeater  network  capability  for  the  US  Army.  Initially,  a  quantum  channel 
between  ARL  and  the  Joint  Quantum  Institute  (JQI)  at  the  University  of  Maryland  -  Col¬ 
lege  Park  was  investigated.  Quantum  repeaters  will  allow  secure  quantum  communications 
to  extend  to  distances  where  photon  attenuation  normally  becomes  a  limiting  factor,  and 
also  allow  quantum  information  to  be  transmitted  and  stored.  The  incipient  quantum  re¬ 
peater  network  development  is  based  on  an  architecture  where  nodes  are  entangled  with  their 
nearest  neighbors  through  photon  interference,  and  entanglement  chains  are  established  and 
purified  through  entanglement  swapping.  In  our  investigation,  we  established  a  dark  optical 
fiber  link  between  our  quantum  network  laboratory  and  a  quantum  laboratory  at  JQI.  We 
verified  that  the  fiber  link  can  carry  entangled  photons  and  quantum  information.  We  built 
the  rubidium  (87Rb)  atomic  memory  magneto  optical  trap  (MOT)  cell  and  laser  controls, 
and  developed  protocols,  hardware,  and  software  to  control  the  secure  teleportation  of  infor¬ 
mation  between  quantum  memories  at  ARL  and  JQI.  In  this  report,  we  present  the  progress 
achieved  towards  the  quantum  network  with  atoms  and  photons  (QNET-AP)  goals  of  pro¬ 
viding  the  scientific  underpinnings  to  facilitate  an  intra-city  quantum  network  connecting 
atomic  memories,  with  the  potential  to  expand  to  other  nearby  Government  and  academic 
institutions,  and  in  the  long-term,  intercity  and  globally  via  free-space  and  satellites. 

Technical  details  for  selected  DSI  accomplishments  are  presented  and  are  organized  into  dis¬ 
tinct  sections.  We  begin  by  presenting  background  and  fundamental  quantum  descriptions 
of  photons  and  teleportation  (Section  5).  Later  we  discuss  the  setup  and  results  from  initial 
probabilistic  teleportation  experiments  conducted  by  CISD  (Section  5.4.7).  The  CISD  team 
further  explored  photonic  entanglement  swapping  using  an  entangled  photon  source  (Section 
5.4.9)  and  a  related  patent  (Section  5.4.10).  CISD  also  investigated  wavelength  conversion 
in  an  atomic  Rb  cloud  (Section  6),  new  methods  to  generate  entangled  photons  at  selected 
wavelengths  (Section  7),  and  a  study  on  the  environmental  effects  on  polarized  photon  trans¬ 
mission  through  installed  dark  optical  fibers  (Section  8).  Finally  in  Section  9,  we  describe 
some  of  the  progress  of  the  QNET-AP  DSI  project  conducted  primarily  by  the  Sensors  and 
Electron  Devices  Directorate  (SEDD)  quantum  team.  We  describe  research  toward  1)  build¬ 
ing  the  atomic  memory,  and  2)  testing  the  polarization  stability  of  the  ARL  to  JQI  to  ARL 
fiber-optic  line,  which  will  be  used  to  carry  the  photon  "flying  qbits"  that  will  entangle  dis- 
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t-ant-  atomic  memories.  The  research  also  includes  development  of  a  photon  frequency  filter 
for  the  atomic  memory  that  will  help  exclude  photons  at  the  wrong  frequencies. 
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l.  Introduction 


In  this  report,  we  detail  the  progress  for  this  Director’s  Strategic  Initiative  (DSI)  to  develop 
the  scientific  underpinnings  for  a  quantum  network  with  atoms  and  photons  (QNET-AP). 
In  fiscal  year  2012  (FY12),  we  set  up  the  quantum  network  laboratory,  configured  newly 
acquired  equipment,  and  began  to  conduct  several  initial  QNET-AP  experiments.  In  FY13, 
we  tested  the  control  of  the  atomic  transitions  in  the  rubidium  (87Rb)  atomic  memory  mag¬ 
neto  optical  trap  (MOT)  cell,  investigated  atomic  to  telecom  wavelength  conversion,  and 
explored  polarization  entangled  photon  transmission  to  the  Joint  Quantum  Institute  (JQI). 
In  FY14,  we  investigated  several  schemes  for  conversion  of  photons  between  telecom  and 
atomic  frequencies,  and  investigated  potential  capabilities  for  quantum  memory  and  quan¬ 
tum  repeater  transmissions  between  the  US  Army  Research  Laboratory  (ARL)  and  JQI. 
We  also  supported  collaborative  international  work  with  the  Institute  of  Photonic  Sciences 
(ICFO)  that  demonstrated  frequency  conversion  between  atomic  and  telecom  frequencies. 
ARL  is  at  the  US  hub  for  developing  quantum  internet  technology1,2  (Fig.  1)  and  ARL  has 
connections  to  the  key  institutions,  thus  cutting  down  costs  and  helping  initiate  the  critical 
scientific  test  of  loop-hole  free  quantum  nonlocality.  National  and  international  experts  have 
collaborated  with  this  DSL  It  was  recently  noted  that  the  Department  of  Defense  (DOD) 
has  the  key  research  capabilities  necessary  for  the  US  in  its  strategic  race  to  develop  secure 
quantum  communications  and  computing  for  US  economic  and  defense  well  being.3 
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Fig.  1  Quantum  internet  concept  depiction  by  Ronald  E  Meyers,  Keith  S  Deacon,  and  Arnold  D  Tunick, 
ARL  (201 1)4 
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2.  Objective 


The  objective  of  our  research  is  to  initiate  long-term  research  to  pioneer  a  quantum  repeater 
network  capability  beyond  the  ARL  laboratory  environment.  Research  was  conducted  to 
establish  the  scientific  underpinnings  to  facilitate  developing  a  quantum  repeater  network 
between  ARL  and  nearby  institutions.  Initially,  a  quantum  connection  between  ARL  and 
JQI  at  the  University  of  Maryland  -  College  Park  was  investigated.  Quantum  repeaters  will 
allow  secure  quantum  communications  to  extend  to  distances  where  photon  attenuation  nor¬ 
mally  becomes  a  limiting  factor  and  also  allow  quantum  information  to  be  transmitted  and 
stored.  The  incipient  quantum  repeater  network  development  is  based  on  an  architecture 
where  nodes  are  entangled  with  their  nearest  neighbors  through  photon  interference,  and 
entanglement  chains  are  established  and  purified  through  entanglement  swapping.  We  estab¬ 
lished  the  dark  optical  fiber  link  between  our  network  laboratory  and  an  atomic  laboratory 
at  JQI.  We  verified  that  the  fiber  link  can  carry  entangled  photons  and  quantum  information. 
We  built  the  87Rb  atomic  memory  MOT  cell  and  laser  controls,  and  developed  the  hardware 
and  software  to  control  the  secure  teleportation  of  information  between  quantum  memories 
at  ARL  and  JQI.  In  this  report,  we  present  the  progress  achieved  toward  completing  the 
QNET-AP  goals  of  providing  the  scientific  underpinnings  to  facilitate  an  intra-city  quantum 
network  connecting  atomic  memories,  with  the  potential  to  expand  to  other  nearby  Govern¬ 
ment  and  academic  institutions,  and  in  the  long-term,  intercity,  and  globally  via  free-space 
and  satellites. 

This  research  is  directed  toward  developing  the  scientific  underpinnings  for  building  a  quan¬ 
tum  repeater  network  beyond  the  laboratory  environment.  Quantum  repeaters  will  allow 
secure  quantum  communication  to  extend  to  distances  where  photon  attenuation  normally 
becomes  a  limiting  factor  and  also  allow  quantum  information  to  be  transmitted  and  stored. 
The  long-term  goal  is  to  entangle  distant  atomic  memories  between  ARL  and  JQI,  and 
explore  the  possibility  of  entangling  hybrid  quantum  memories. 
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Fig.  2  ARL  to  JQI  atom  entanglement  scheme.  Photon  entanglement  swapping  between  distant  atom-photon 
pairs  results  in  distant  atomic  memory  entanglement. 


3.  Approach 

Our  DSI  quantum  repeater  network  architecture  is  based  on  a  previously  outlined  architec¬ 
ture,5^  where  nodes  are  entangled  with  their  nearest  neighbors  through  photon  interference, 
and  entanglement  chains  are  established  and  purified  through  entanglement  swapping  (Fig. 
2).  Our  approach  uses  a  modified  version  of  the  Duan,  Lukin,  Cirac,  and  Zoller  (DLCZ) 
scheme,7  where  quantum  bits  (qubits)  are  stored  in  2  modes  of  an  atomic  ensemble.  In  this 
scheme,  an  off-resonant  weak  Raman  scattering  process  can  produce  a  photon  that  is  entan¬ 
gled  with  the  spin  wave  stored  in  the  atomic  ensemble;  the  stored  quantum  information  can 
be  retrieved  at  a  later  time  through  the  emission  of  a  second  photon.  Photons  emitted  from 
the  atomic  ensembles  at  ARL  would  be  converted  from  the  near  IR  to  the  telecommunication 
band  and  then  transmitted  to  JQI  through  a  dark  optical  fiber  (Fig.  3).  The  wavelength  con¬ 
version  reduces  the  attenuation  in  the  fiber  and  increases  the  signal  strength  at  the  remote 
location.  Initially,  we  performed  the  wavelength  conversion  via  four-wave  mixing  (FWM)  in 
an  atomic  ensemble,  but  we  also  explored  difference  frequency  generation  (DFG)  in  non¬ 
linear  crystals  such  as  periodically  poled  lithium  niobate  (PPLN).  The  transmitted  photon 
would  then  be  converted  to  a  different  wavelength  to  interfere  with  photons  emitted  from 
the  quantum  memory  at  JQI. 

4.  Key  Results 

Below  we  highlight  some  of  the  key  results  from  the  DSI  investigations.  In  the  sections 
following  the  listing  of  the  key  results,  we  elaborate  on  some  of  our  findings.  Other  findings 
have  been  or  will  be  published  in  the  open  literature  or  as  patents,  or  will  be  published  as 
supplemental  reports  for  this  or  follow-on  programs.  We  have  listed  some  of  the  publications 
in  Section  4.4  Transitions. 

1.  We  successfully  established  2  strands  of  single- mode  dark  optical  fibers  connecting  the 

3 

Approved  for  public  release;  distribution  unlimited 


Fig.  3  ARL  to  JQI  dark  optical  fiber:  5  km  direct,  13.5  km  by  fiber 


QNET-AP  lab  at  ARL  and  the  atomic  physics  labs  at  JQI  (see  Fig.  3).  The  fiber  is  13.5 
km  long  (the  direct  distance  between  ARL  and  JQI  is  5  km).  We  have  characterized  the 
losses  in  the  fiber  and  eliminated  all  major  problematic  spots  along  the  fiber.  We  also 
measured  the  polarization  stability  in  the  fiber  over  an  extended  period  of  time,  which 
is  sufficiently  stationary  with  periodic  feedback  to  transmit  qubits  encoded  in  photon 
polarization  (Fig.  4).  We  also  established  a  6-strand  dark  optical  fiber  link  between  the 
Computational  and  Information  Science  Directorate  (CISD)  and  Sensors  and  Electron 
Devices  Directorate  (SEDD)  quantum  laboratories. 
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Fig.  4  Photon  polarization  drift  in  ARL  to  JQI  using  a  27-km  dark  fiber  link 


2.  Entangled  photons  were  generated  in  our  laboratory  and  were  injected  into  the  optical 
fiber  through  a  path  that  went  round  trip  from  ARL  to  JQI.  Entangled  photons  near 
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1550  nm  were  generated  from  a  commercial  fiber  source  via  FWM  in  a  nonlinear 
fiber.  We  conducted  entangled  photon  visibility  tests  that  confirmed  that  the  photons 
were  indeed  entangled.  We  characterized  the  entangled  photon  transit  time,  jitter,  and 
survival  for  the  ARL  to  JQI  round  trip.  We  also  performed  laboratory  experiments 
enabling  entanglement  swapping  between  photon  pairs  created  in  2  different  time  bins 
over  a  laboratory  optical  network. 

3.  We  successfully  trapped  cold  87Rb  atoms  in  a  MOT  (Fig.  5),  a  system  that  is  suit¬ 
able  for  quantum  memory  and  quantum  frequency  conversion  via  FWM.  The  13.5-km 
distance  from  ARL  to  JQI  requires  the  coherence  of  the  quantum  memory  to  be  at 
least  45  /is,  which  a  cloud  of  87Rb  atoms  in  a  MOT  should  be  able  to  achieve  (~  100- 
/js  coherence  time).  The  write  step  was  accomplished  through  an  off- resonant  Raman 
process,  for  which  we  had  the  laser  and  the  optoelectronics  to  control,  and  the  read  step 
was  accomplished  through  resonant  scattering.  We  achieved  initial  implementation  of 
the  hardware  and  software  for  controlling  the  lasers  and  electronics  for  the  memory 
read/write  processes. 


Fig.  5  QNET-AP  87Rb  cold  atom  memory  operation  shown  by  light  emitted  at  the  MOT  center 

4.  We  built  a  cavity  transfer  lock  for  the  FWM  process  to  convert  single  photons  at  780 
to  1324  nm  in  an  87Rb  MOT  by  accessing  the  higher  excited  electronic  states.  The 
cavity  transfer  lock  will  enable  feedback  to  the  lasers  at  2  different  wavelengths  (795 
and  1367  nm)  with  respect  to  a  780-nm  reference  to  convert  photons  to  1324  nm.  We 
also  implemented  a  new  MOT  cell  that  is  anti-reflection  coated  for  all  4  wavelengths 
to  optimize  the  signal. 

5.  We  generated  correlated  photons  using  2  87Rb  MOTs  and  characterized  the  emitted 
photons  coincidences  (see  Section  9.1.1). 
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6.  We  explored  environmental  effects  on  polarized  light  distribution  through  a  dark  opti¬ 
cal  fiber.  We  found  that  small  temperature  changes  are  enough  to  significantly  affect 
the  polarization  property  of  the  propagating  photons.  Temperature  fluctuations  cause 
birefringence  in  the  optical  fiber,  which  results  in  a  phase  difference  between  2  po¬ 
larization  modes.  This  degrades  the  state  of  output  polarization  and  also  makes  the 
quantum  state  of  the  photon  unstable.  In  our  analysis,  a  comparison  of  the  measured 
output  state  of  polarization  after  propagating  26  km  through  optical  fiber  as  function 
of  the  time  of  day  compared  to  a  predicted  theoretical  result  of  the  output  state  of 
polarization  for  the  same  experimental  conditions  agreed  well. 

7.  We  investigated  color-controllable  polarization  entanglement  generation  in  optical  fiber 
at  telecommunication  and  atomic  wavelengths.  Our  analysis  indicates  that  polarization 
entangled  photon  pairs  can  be  generated  in  an  optical  fiber  by  a  FWM  process.  The 
key  feature  of  this  entangled  photon  source  is  the  controllable  generation  of  specihed 
signal  and  idler  colors  (wavelengths).  In  this  case,  the  color  (wavelength)  selections 
may  be  accomplished  by  varying  the  pump  power.  Another  important  quality  of  this 
source  is  its  feature  of  very  low  Raman  noise  photon  pair  generation.  These  kinds  of 
color-controllable  entangled  photon  pairs  would  be  useful  in  certain  applications  for 
quantum  communications,  quantum  computing,  and  quantum  imaging. 

8.  We  investigated  teleportation  and  performed  in-laborat.ory  probabilistic  teleportation 
experiments.  For  our  laboratory  probabilistic  teleportation  experiments,  we  used  a 
triple  coincidence  criteria  to  record  that  a  valid  teleportation  occurred.  Our  prelimi¬ 
nary  experiments  indicated  that,  based  on  the  triple-coincidence  criteria,  teleportation 
was  occurring  during  our  experiments.  These  results  indicated  that  probabilistic  tele¬ 
portation  of  input  states  took  place  over  a  distance  of  2  m  in  the  laboratory.  We 
are  designing  further  improvements  to  our  experimental  setup  for  future  follow-on 
research.  We  successfully  performed  experiments  of  entanglement  swapping  between 
entangled  photons  generated  in  2  different  time  bins.  The  results  were  characterized 
by  the  quantum  density  matrix.  The  quantum  density  matrix  was  generated  for  the  2- 
photon  system  using  quantum  state  tomography.  We  have  developed  novel  designs  for 
measuring  Bell  states  for  probabilistic  teleportation  and  have  proposed  novel  schemes 
for  compression  of  information  sent  by  teleportation  between  communicating  parties. 
These  designs  and  schemes  were  hied  and  subsequently  issued  as  US  patents  for  the 
Army. 

9.  We  modeled  the  Rb  cold  atom  diamond  configuration  to  help  understand  how  to 
achieve  high  efficiency  telecom  frequency  conversion  for  quantum  communications. 
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The  main  concern  for  both  frequency  down  conversion  and  frequency  up  conversion 
to  achieve  a  robust  quantum  network  is  the  need  for  high  conversion  efficiency.  While 
frequency  conversion  efficiencies  that  occur  in  atomic  ensembles  of  Rb  via  FMW  in  a 
diamond  configuration  are  usually  very  low  due  to  absorption  of  the  input  beam,  we 
found  in  our  analysis  that  the  conversion  efficiencies  can  be  as  high  as  90.5%  for  the 
down  conversion  case  and  96%  in  the  up  conversion  case  by  implementing  the  idea  of 
electromagnetically  induced  transparency  (EIT).  Here,  a  high  transparency  regime  can 
be  created  to  overcome  the  problem  of  low  conversion  efficiency.  We  expect  that  our 
proposed  configurations  will  enable  progress  toward  future  quantum  communication 
networks  over  long  distances. 


4.1  Synergy 

CISD  and  SEDD  collaborated  on  the  QNET-AP  DSI  research,  and  despite  also  making 
significant  independent  contributions,  the  synergy  from  the  research  contributions  is  much 
greater  that  the  contributions  of  either  independently! 


4.2  Collaboration _ 

ARL:  R  Meyers,  P  Lee,  Q  Quraishi,  K  Deacon,  A  Tunick,  D  Stack,  S  Karmakar,  J  Alexander, 
I  Grissom,  V  Prieto,  N  Solmeyer,  V  Malinovsky,  C  Adams,  T  Trout. 

Other  US  partners:  JQI  -  C  Monroe,  L  Orozco,  and  S  Rolst-on;  National  Institute  of  Standards 
and  Technology  (NIST)  -  X  Tang;  University  of  Maryland,  Baltimore  County  (UMBC)  -  Y 
Shih;  Texas  A&M  University  (TAMU)  -  P  Hemmer. 


4.3  Coordination  with  Army,  Air  Force,  and  Navy  Quantum  Programs _ 

Army  Research  Office  (ARO),  Air  Force  Office  of  Scientific  Research  (AFOSR),  National 
Ground  Intelligence  Center  (NGIC),  Department  of  Energy  (DOE)  National  Laboratories 
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4.4  Transitions 


4.4.1  Scientific  Publications/Presentations/Patents 

1.  D  Stack,  Q  Quraishi,  I  Grissom,  RE  Meyers,  KS  Deacon,  A  Tunick,  P  Lee,  Progress 
toward  a  quantum  memory  with  telecom  wavelength  conversion.  American  Physical 
Society  (5  June  2013). 

2.  D  Stack,  P  Lee,  Q  Quraishi,  Progress  toward  a  quantum  memory  with  telecom  wave¬ 
length  conversion.  SPIE  (22  May  2014). 

3.  D  Stack,  P  Lee,  Q  Quraishi,  Progress  toward  a  quantum  memory  with  telecom  wave¬ 
length  conversion.  Proc.  SPIE  9123,  91230D-7  (2014). 

4.  DT  Stack,  PJ  Lee,  Q  Quraishi,  A  simple  and  efficient  absorption  filter  for  single  photons 
from  a  cold  atom  quantum  memory,  Optics  Express  23,  6882  (05  Mar  2015). 

5.  N  Solmeyer,  Q  Quraishi,  “High  teleportation  rates  for  long-distance  quantum  networks 
using  multiple  Rydberg  excitations  in  an  atom  ensemble,”  in  preparation. 

6.  RE  Meyers,  YH  Shih,  KS  Deacon  (eds.),  Proceedings  Quantum  Communications  and 
Quantum  Imaging  XI,  SPIE  8875  (2013). 

7.  RE  Meyers,  YH  Shih,  KS  Deacon  (eds.),  Proceedings  Quantum  Communications  and 
Quantum  Imaging  XII,  SPIE  9225  (2014). 

8.  RE  Meyers,  KS  Deacon,  USPTO  Patent  US  8503885  (ARL  04-62CIP),  Quantum  Based 
Information  System  and  Method  (06  August  2013). 

9.  RE  Meyers,  KS  Deacon,  USPTO  Patent  US  8983303  (ARL  04-62CIP2)  Quantum  Based 
Information  Transfer  System  and  Method  (17  March  2015). 

10.  RE  Meyers,  KS  Deacon,  Patents  US  8,811,768,  US  8,811,763,  US  8594,455  (2013);  In¬ 
vention  of  quantum  ghost  imaging  encryption,  compression  and  transmission  methods. 

11.  S  Karmakar,  RE  Meyers,  Color  controllable  polarization  entanglement  generation  in 
optical  fiber  at  telecommunication  wavelengths.  Optics  Express  23(16),  20605-20616 
(10  Aug  2015). 

12.  S  Karmakar,  RE  Meyers,  Environmental  Effects  on  QNET-AP,  Draft  Report,  ARL 
(2013). 

13.  S  Karmakar,  RE  Meyers,  Modeling  the  Rubidium  Cold  Atom  Diamond  Configuration, 
Draft  Report,  ARL  (2013). 
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14.  RE  Meyers,  KS  Deacon,  AD  Tunick,  Free-space  and  atmospheric  quantum  commu¬ 
nications.  Chapter  10  in  Advanced  Free  Space  Optics:  A  System  Approach,  Springer 
Publishing  (2014). 

15.  RE  Meyers,  ARL  Presentations. 

16.  Q.  Quarishi,  ARL  Presentations. 

4.4.2  Developed  Patents 

We  developed  patents  for  improved  efficiency  of  quantum  network  information  transmission 
including  teleportation  and  frequency  conversion: 

RE  Meyers,  KS  Deacon,  USPTO  Patent  US  8503885,  ARL04-62CIP,  Quantum  Based 
Information  System  and  Method  (6  Aug  2013)  24  pages. 

The  following  patent  relates  to  the  compression  of  information  for  transmission,  wherein  the 
next  quantum  state  transmitted  is  dependent  on  the  outcome  of  the  previous  transmitted 
state  measurement: 

RE  Meyers,  KS  Deacon,  USPTO  Patent  US  8983303  (ARL  04-62CIP2),  Quantum 
Based  Information  Transfer  System  and  Method  (17  March  2015). 

This  patent  extends  the  compressed  information  transmission  to  teleportation  communica¬ 
tion  channels,  also  includes  exfiltration  and  frequency  conversion  embodiments  with  PPLN 
and  other  nonlinear  media. 

4.5  International  Collaborations 

The  following  international  collaborations  were  set  up  with  the  aid  of  the  US  Army  Re¬ 
search  Development  &  Engineering  Command  (RDECOM)  International  Technology  Center 
(ITC)  and  ARL  to  support  the  QNET-AP  DSI  objectives.  In  addition,  the  international 
collaborations  will  help  ARL  quantum  mission  objectives. 

1.  Y  Silberberg,  Integrated  Quantum  Optics,  Weizmann  Institute,  Israel;  RDECOM  ITC- 
Atlantic/  ARL  seedling,  Report  and  visit  to  ARL  (2013). 

2.  W  Hensinger,  Ion  Trap  Chip  Fabrication,  U.  Sussex,  UK;  ARL-U.  Sussex  Cooperative 
Agreement,  ARL  and  RDECOM  ITC- Atlantic  funded  (2012). 
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3.  J  O’Brien,  Quantum  Photonic  Chip,  U.  Bristol,  UK;  Army  supported  and  RDECOM 
ITC- Atlantic  and  Air  Force  European  Office  of  Aerospace  Research  and  Development 
(EOARD)  facilitated.,  Photonic  Based  Quantum  Chip  Delivered  to  ARL  (2013). 

4.  H  de  Reidmatten,  Photon  Frequency  Conversion  for  Rb  wavelengths,  ICFO,  Spain; 
RDECOM  ITC-Atlantic- France  Seedling  funded,  ARL  collaborating  (2013-2014). 
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5.  Photon  Entanglement  and  Quantum  Teleportation 


5.1  Introduction 

A  new  CISD  ARL  effort  is  directed  at  developing  the  underpinning  science  for  distributed 
quantum  information  teleportation  networks  or  quantum  internet  (Fig.  6).  Initial  efforts 
include  the  development  of  an  entangled  photon  and  atom  teleportation  testbed  network 
under  the  DSI  entitled  "A  Quantum  Network  with  Atoms  and  Photons  (QNET-AP)".1  This 
research  is  directed  toward  developing  quantum  communications  between  remote  sites  that 
have  quantum  memories.  One  of  the  goals  of  the  US  Army  demonstration  plan  is  to  determine 
how  to  entangle  distant  atomic  memories  between  ARL  and  JQI  of  NIST  that  are  separated 
by  kilometers  in  free-space  and  along  a  fiber  optical  path  (Figs.  7  and  8).  This  distance 
will  further  allow  for  a  locality  loop-hole  free  test  of  the  Bell  inequalities.2,3  Another  key 
goal  is  to  develop  secure  quantum  teleportation  architectures,  schemes,  and  protocols.  This 
research  will  lead  to  the  teleportation  of  quantum  information  between  remote  locations  and 
a  demonstration  of  "tamper  resistant"  quantum  communications. 


Fig.  6  Quantum  internet  concept  depiction  by  Ronald  E  Meyers,  Keith  S  Deacon,  and  Arnold  D  Tunick, 
ARL  (201 1)4 


5.1.1  Teleportation  Background 

Laboratory  experiments  in  quantum  communications  and  teleportation5,6  are  needed  to  char¬ 
acterize  the  quantum  phenomena,  test  the  assumptions  used  in  quantum  information  distri¬ 
bution,  and  optimize  protocols  that  can  later  be  used  together  for  long-distance  networking. 
Recently,  there  have  also  been  key  international  experimental  demonstrations  of  the  telepor- 
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Fig.  7  Depictions  of  QNET-AP  entangled  photons  ARL  to  JQI  roundtrip  and  entangled  photons 
ARL  to  JQI 


Fig.  8  CISD  dark  optical  fiber  from  ARL  to  JQI  (5  km  direct,  13.5  km  through  fiber)  enables 
quantum  communications  experiments  between  ARL  (CISD-SEDD)  and  JQI 


tation  of  quantum  information  using  free-space  optical  quantum  communications  channels.6 
Two  key  experiments  were  performed  as  precursors  to  teleportation  of  quantum  informa¬ 
tion  over  long  distances  between  ground  stations  and  from  the  ground  to  satellites.  The 
first  took  place  in  China'  over  a  97-km  optical  path  and  used  pointing  and  tracking  sys¬ 
tems  using  lasers  at  532  and  671  nm  coupled  to  the  entangled  photon  that  is  at  ~788  nm. 
A  GPS  was  used  to  enable  1-ns  timing  accuracy  between  the  remote  stations.  A  wireless 
classical  communications  channel  was  used  by  Alice  and  Bob  to  complete  the  teleportation 
protocol.  Fidelities  of  76  to  89%  were  reported  for  the  teleportation  states  that  were  tested. 
The  article  also  reported  that  their  acquisition,  pointing  and  tracking  (APT)  system  can 
be  applied  to  any  moving  object  with  high  accuracy.  The  second  long-distance  free-space 
teleportation  experimental  demonstration  took  place  between  the  Canary  Islands  of  Tenerife 
and  La  Palma  with  a  distance  of  143  km.8  A  similar  pointing  to  the  one  above  was  used 
and  a  1064-nm  free-space  optical  communications  link  was  employed  to  instruct  Bob  on  how 
to  complete  the  teleportation  protocol.  Timing  between  the  islands  was  coarsely  set  using 
GPS  and  then  fine-tuned  using  an  entanglement-assisted  clock  synchronization9  to  achieve 
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1-ns  time  accuracy  between  the  locations  and  a  3-ns  coincidence  window  was  used  for  the 
measurements.  Entanglement  fidelities  exceeding  the  classical  limit  of  67%  were  reported. 
Also  noted  were  conditions  of  extremely  bad  weather  that  prevented  some  experiments  from 
being  conducted.  Research  into  the  generation  of  solid-state10  and  other  advanced  memories 
with  measurement  and  photon  sources  will  inevitably  lead  to  high-speed  network  teleporta¬ 
tion  implementations  where  the  networks  are  between  fixed  and  moving  ground  nodes  and 
satellite  nodes.11 

In  the  following  section,  we  describe  the  process  of  quantum  teleportation  and  results  from 
laboratory  probabilistic  teleportation  experiments.  While  this  is  a  small  study,  it  is  indica¬ 
tive  of  the  types  of  processes  that  can  be  used,  the  problems  that  may  be  encountered, 
and  the  enormous  benefits  that  can  be  achieved  with  quantum  communications  in  general 
and  quantum  teleportation  in  particular.  First,  we  review  some  of  the  notation  and  fun¬ 
damentals  associated  with  quantum  measurements  and  the  mathematics  of  teleportation. 
Entanglement  is  a  quantum  mechanical  phenomenon  in  which  the  interacting  states  of  2  or 
more  quantum  systems  cannot  be  described  independently.  Teleportation  involves  non-local 
transfer  of  information  between  quantum  particles.  Teleportation  can  be  between  2  or  more 
entangled  particles  such  as  entangled  photons  or  entangled  at-oms/ions,  or  can  involve  hybrid 
systems  that  teleport  information  using  both  photons  and  atoms/ions.  Quantum  teleporta¬ 
tion  is  a  qualitatively  different  method  for  communication,  which  has  potential  benefits  of 
non-locality  and  improved  security  well  beyond  classical  communications.  Our  objective  is 
to  help  achieve  this  capability  for  the  US  Army  and  the  United  States. 


5.2  Theory  and  Technical  Background 

The  fundamentals  of  quantum  physics  describe  the  properties  of  quantum  particles  and  quan¬ 
tum  wavefunctions.  Classical  particles,  such  as  a  baseball,  can  be  described  by  Newtonian 
physics  where  each  particle  simultaneously  has  a  precise  position  and  momentum.  However, 
quantum  particles  such  as  photons  and  electrons  have  an  uncertainty  associated  with  both 
position  and  momentum  such  that  quantum’s  uncertainty  relationship  holds,  |  <  AxA p, 
where  h  is  Planck’s  constant  over  27T.1213  Experimental  measurements  of  position  and  mo¬ 
mentum  always  have  a  variability  in  the  measured  values.  Thousands  of  careful  experiments 
have  verified  this  relationship.  Quantum  particles  are  said  to  have  both  particle  and  wave 
properties.  When  a  photon  detector  responds  with  a  "click"  it  is  measuring  a  photon  in 
the  sense  of  a  particle.  When  light  passes  through  a  double  slit  and  interferes,  the  light 
is  exhibiting  its  interference  wave  properties.  When  a  series  of  single  photons  are  passed 

14 

Approved  for  public  release;  distribution  unlimited 


through  a  double  slit,  the  same  interference  patterns  are  measured.  The  way  to  describe 
the  evolution  of  quantum  properties  has  relied  upon  the  construct  of  the  wavefunction,  T. 
The  wavefunction  is  in  general  a  complex  function  having  both  real  and  imaginary  values. 
When  the  wavefunction  is  multiplied  by  its  complex  conjugate,  'I'*'!',  it  forms  a  positive 
function,  which  when  normalized,  gives  the  probability  of  the  quantum  particle  being  found 
in  a  particular  state.  In  the  case  of  a  photon,  the  probability  may  describe  where  the  photon 
is  likely  to  be  found  in  space.  It  is  a  peculiar  property  of  quantum  physics  that  the  Fourier 
transform  of  the  wavefunction  in  configuration  space  gives  the  wavefunction  in  momentum 
space.  Position  and  momentum  are  called  conjugate  variables.  In  the  following  section,  we 
discuss  the  quantum  mathematical  background  and  formalism. 


5.2.1  Quantum  Mathematical  Background  and  Formalism 


In  this  section,  we  present  notation  and  symbols  often  used  in  describing  and  developing 
quantum  physics,  quantum  communications,  and  quantum  information.  Dirac  developed  the 
physics  "bra"  and  "ket"  notation.  A  "bra"  is  written  as  (|  and  can  be  thought  of  as  a 
row  vector  (i.e.,  (A\  =  [Aiei  +  A2e2  +  A3e3])  and  a  "ket",  |),  is  a  column  vector  | B)  = 
/  Brer  \ 


B2e2 


,  where  the  ei,e2,e2  are  orthogonal  unit  vectors.12  An  inner  product  operation 


\  B3e3  J 

using  bra-ket  notation  is  written  as  (A\B)  =  A1B1  +  /12 B2  +  A3B3.  Another  operator  that  is 
used  when  considering  composite  systems  of  more  than  one  particle  is  the  tensor,  or  direct 
product  operator  <g>.  For  a  2-particle  composite  system,  this  operation  acts  as  shown: 


14  ®  14 


Bi  \ 

(  AiBi  \ 

b2  ) 

A\B2 

Bi  ) 

A2B\ 

b2  ) 

) 

y  A2B2  j 

(1) 


Infinite  dimensional  systems  can  also  be  represented  in  "bra-ket"  notation  but  instead  of 
discrete  vector  type  components  the  inner,  outer,  and  direct  products  are  integrals  over- 
functions. 


5.2.2  Quantum  Wavefunctions 

Wavefunctions  describe  the  probability  amplitudes  used  to  describe  the  state  of  a  quantum 
particle.  Quantum  particles  are  physical  entities  such  as  photons,  electrons,  protons,  and 
neutrons.  They  are  often  expressed  using  Dirac’s  bra-ket  notation,  where  the  state  of  a 
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particle  can  be  written  as 


N 

i*)  =  Ec<w  (2) 

i= 1 

where  the  c%  and  ([>,.  are  the  amplitude  and  quantum  state,  respectively.  The  c,  can  be  complex 
valued  and  (f)l  can  be  a  measurable  state  such  as  a  horizontal  or  vertical  polarization  for  a 
photon  or  spin  up/spin  down  for  an  electron  spin.  The  probability  that  a  quantum  particle 
will  be  measured  in  particular  states  is  given  by 

P  =  (3) 

Wavefunction  evolution  can  be  described  by  a  Schrodinger  equation,  such  as  the  one  below: 

v2^M),  (4) 

where  H  is  Planck’s  constant  over  2tt,  to  is  mass,  t  is  time,  and  r  is  the  position  in  space.  A 
more  accurate  wavefunction  propagation  or  evolution  equation  for  free-space  or  fiber  quan¬ 
tum  communications  would  have  to  include  terms  added  to  Eq.  4  to  incorporate  the  effects  of 
absorption,  scattering,  and  index  of  refraction  fluctuations  as  functions  of  space  and  time.  It 
must  be  kept  in  mind  that  turbulence  is  not  stationary,  is  inhomogeneous,  and  is  a  dynamic 
function  of  space  and  time. 

5.2.3  Polarization 

Polarization  in  optics  is  generally  associated  with  the  Ex  and  Ey  components  of  an  elec¬ 
tromagnetic  plane  wave  propagating  in  the  z  direction.  In  quantum  communications,  linear 
polarization  is  restricted  to  2  orthogonal  bases;  the  horizontal-vertical  (H-V)  basis  or  the 
45°  rotated  basis  (A-D).  The  properties  of  these  linear  polarizations  are  that  a  particular 
polarization  has  a  100%  chance  to  propagate  through  a  polarization  filter  aligned  parallel 
with  the  polarization  of  the  light  and  0%  chance  to  propagate  through  a  polarization  filter 
aligned  in  a  direction  orthogonal  to  the  polarization  of  the  light.  The  orientation  of  the  po¬ 
larizing  filter  may  uniformly  vary  the  transmission  from  0%  to  100%  (Table  1).  For  instance, 
a  photon  with  vertical  polarization  has  the  following  transmission  probabilities  (Table  1)  for 
a  prescribed  set  of  polarization  filter  orientations. 
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Table  1.  Polarization  transmission 


Polarization  Filter  Orientation 

Transmission  Probability 

H 

0% 

V 

100% 

+45 

50% 

-45 

50% 

This  property  of  polarization  is  useful  for  quantum  information  purposes  as  a  simple  way 
to  create  and  manipulate  a  qubit,  where  one  polarization  would  (when  measured)  take  the 
logical  value  of  0  and  the  other  measurement  a  value  of  1.  However,  unlike  classical  logical 
bits,  a  single  qubit  is  simultaneously  both  0  and  1  in  superposition  until  measured.  For 
instance,  an  equal  superposition  of  0  and  1  as  a  polarization  qubit  could  be 

\*)  =  a\H)  +  0\V)  (5) 

where  | H)  =  0,  \V)  =  1  and  a  =  /3  =  14,15 

5.2.4  Measurement  Processes  and  Bases  Used  in  Quantum  Protocols 

This  section  discusses  the  measurement  bases  used  in  quantum  protocols.  Measurement  bases 
for  quantum  communications  protocols  include  linear  polarizations  |T)  =  a\H)  +  /3\V), 
circular  polarizations  |\f)  =  a  |i?)  +  (3  \L),  orbital  angular  momentum  |T)  =  a  \L0)  +  (3  \Li) 
(Ln  in  this  superposition  indicate  the  Laguerre  mode),  and  time-bin  superpositions  T)  = 
a  \L)  \  /3\S) ,  where  L  and  S  refer  to  a  superposition  of  long  and  short  paths  propagated 
by  a  quantum  particle  through  an  unbalanced  Mach-Zehnder  interferometer.  Any  quantum 
basis  that  has  a  measurable  superposition  with  at  least  2  possible  results  may  be  used  in  a 
quantum  protocol. 

There  are  several  important  aspects  with  regard  to  quantum  measurement  processes.  The 
probabilities  for  measuring  a  quantum  state  can  be  given  by 

P(n)  =  \°n\2  | t/’n)  (Vb. |  (6) 

n 

where  the  by  correspond  to  the  quantum  states  to  be  measured,  such  as  the  horizontal 
or  vertical  polarization  of  a  photon,  and  the  cn  are  the  wavefunction  amplitudes  for  that 
quantum  state.  As  an  example,  if  one  prepares  a  photon  in  a  diagonal  polarization  {/)  and 
then  performs  a  measurement  for  horizontal  or  vertical  in  the  perpendicular  basis  (T),  the 
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cn  are  equal  to  -^=  and  there  is  a  50%  probability  that  the  photon  will  be  measured  as  either 
an  H  or  a  V  photon.  When  measuring  a  composite  quantum  system  made  up  of  2  states  the 
Bell  basis  measurement  is  often  used.12,14  The  4  possible  Bell  basis  states  using  polarization 
are 

i>+  =  T  (|ffx) \VB)  +  \VA)  \Hb))  (7) 

r  =  ^(\Ha)\Vb)  -\Va)\Hb)) 

4>+  =  2=  (\ha)  \hb)  +  \VA)  |Vb» 
r  =  2=  (|ffx)  |j/B)  - |v^>  in)) . 

The  following  identities  also  hold  for  the  Bell  states: 

\HA)\HB)  =  ±=(\<t,*)  +  \4,-))  (8) 

l^>in>  =  T(p+)  +  p-)) 
ir4>|fffl>  =  T(p+>_p-» 

ir1>|vB>  =  -^(|^Hr». 

A  Bell  measurement  is  a  coincidence  measurement  that  discriminates  the  actual  state  of  an 
unknown  2-photon  polarization  system.  A  primary  distinction  between  entangled  states  and 
non-entangled  states  is  that  an  entangled  state  is  not  factorizeable  into  the  product  of  2 
states: 

(| Ha)  | VB)  -  \VA)  | Hb))  %  (| Ha)  ±  1 14))  ®  (| Hb)  ±  | VB)) .  (9) 

This  non-factorizeability  makes  the  entangled  states  quite  powerful  for  quantum  communi¬ 
cations,  quantum  computing,  and  quantum  imaging.161'  In  this  case,  we  are  talking  about 
photons  that  have  polarization  entangled  states.  The  quality  of  a  quantum  measurement  is 
often  reported  in  terms  of  "fidelity".  A  quantum  state  is  said  to  be  "faithful"  if  the  function 
F(p,  q )  =  sjpq  is  sufficiently  close  to  1,  where  p  indicates  the  probability  that  quantum  state 
T)  has  been  prepared  and  q  is  the  probability  that  state  T)  was  measured.  This  idea  may 
also  be  reversed  to  say  if  state  IT)  was  measured  then  the  "fidelity"  of  how  well  |T)  was 
prepared  can  be  assessed.14 

Another  measurement  technique  is  that  of  the  positive  operator  valued  measurement  (POVM) 
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in  distinction  to  projective  measurements.14,18’19  POVMs  reduce  the  probability  of  inconclu¬ 
sive  measurements  with  the  use  of  ancilla  modes.  For  instance,  if  photons  that  are  polarized 
either  horizontally  ( H )  or  +45°  in  equal  amounts  are  passed  through  a  V  polarizer  or  a  —45° 
polarizer,  then  if  a  photon  passes  through  the  V  polarizer,  it  must  have  been  a  +45°  photon, 
and  if  the  photon  passes  through  the  —45°  polarizer,  it  must  have  been  a  H  polarized  photon. 
This  would  yield  a  25%  chance  to  determine  the  polarization  state  of  the  transmitted  photon. 
With  the  addition  of  certain  "ancilla"  modes  of  the  optical  fields  a  POVM  can  determine  the 
polarization  state  of  the  transmitted  photon,  for  this  example,  with  a  probability  of  29. 3%. 14 

5.2.5  Quantum  Sources 

All  light  is  quantum  all  of  the  time  but  not  all  measurements  and  analyses  readily  reveal 
distinctly  quantum  properties  of  light.  There  are  various  ways  to  characterize  sources  of 
light  in  terms  of  their  general  properties  such  as  incoherent  radiation,  coherent  radiation, 
and  non-classical  sources  of  radiation.  Incoherent  sources  of  radiation  are  sources  of  light 
that  are  most  familiar  to  us.  Light  bulbs,  lamps,  and  solar  light  are  all  sources  of  incoherent 
thermal  light.  These  incoherent  light  sources  typically  have  broad  spectral  characteristics. 
We  note  that  pseudo-thermal  light20  21  produced  by  the  transmission  of  laser  light  through 
a  scattering  media  such  as  a  rotating  ground  glass  plate  has  a  much  narrower  spectral 
bandwidth  than  the  more  commonly  experienced  sources  of  thermal  radiation.  Coherent 
sources,  such  as  lasers,  are  available  in  a  variety  of  wavelengths  and  can  be  used  for  many 
quantum  applications.  Non-classical  sources  of  light  include  entangled  photons,  produced  by 
nonlinear  processes  such  as  spontaneous  parametric  down  conversion  (SPDC)  and  FWM, 
and  squeezed  light,  where  there  is  a  trade-off  between  phase  information  and  photon  number 
information.  To  highlight  the  differences  between  coherent,  thermal  light,  and  non-classical 
light,  Hanbury-Brown  and  Twiss  (HBT)  2-photon  interferometry  is  often  used.22  24  A  HBT 
experiment  is  performed  when  light  is  split  by  a  beam  splitter  toward  2  detectors.  The 
detectors  measure  incident  photons  and  the  times  that  the  measurements  took  place.  The 
measurements  at  the  2  detectors  are  then  correlated  with  each  other,  with  results  shown  in 
Table  2. 


Table  2.  HBT  experiment  results 


Light  Source 

HBT  Result 

Coherent  (Laser) 

Incoherent  (Thermal) 
Non-Classical  (Entangled) 

No  Correlation23 

Positive  Correlation  (Peak)16 
Negative  Correlation  (Dip)16 
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The  coincident  deviations  of  the  intensities  from  the  mean  of  each  detector  tend  to  be 
positively  correlated  for  incoherent  light  and  negatively  correlated  (anti-correlated)  for  non- 
classical  light.16  The  coincident  deviations  of  the  intensities  for  coherent  light  tend  to  be 
uncorrelated.  Variations  from  standard  experimental  conditions  may  produce  results  that 
vary  from  these. 

5.2.6  Quantum  Coherence 

Quantum  coherence  refers  to  a  property  associated  with  photons  or  other  quantum  parti¬ 
cles.  Quantum  coherence  represents  an  ideal  quantum  state  where  the  uncertainty  between 
conjugate  variables  are  a  minimum  and  are  equally  distributed.22  For  example,  position  x 
has  an  uncertainty  of  Ax  and  momentum  p  has  an  uncertainty  A p  and  the  uncertainties 
are  both  a  minimum  and  are  equally  distributed  between  Ax  and  A p  in  the  equation  (e.g., 
when  |  =  Ax  A p).  The  closer  a  system  is  to  this  ideal  uncertainty  relationship,  the  more 
coherent  it  is  said  to  be.  For  example  a  laser  is  often  a  very  coherent  system.  Conversely, 
when  the  product  Ax  A p  is  much  greater  than  |  the  system  is  said  to  be  more  incoherent. 
For  example,  thermal  light  sources  such  as  the  sun  or  an  incandescent  light  bulb  would  radi¬ 
ate  incoherent  light.  Pseudo-thermal  sources  created  by  propagating  a  laser  beam  through  a 
rapidly  rotating  ground  glass  plate  also  can  produce  light  that  has  incoherent  properties.20,21 
Pseudo-thermal  sources  provide  a  convenient  experimental  source  of  partially  coherent  or 
incoherent  radiation  with  relatively  large  coherence  time  and  space  scales.  Coherence  and 
incoherence  can  be  best  defined  in  the  following  manner.  Similarly,  light  may  be  described  as 
being  spatially  coherent  if  the  coherence  area  of  the  light  is  larger  than  the  largest  aperture 
of  an  optical  system.15,22 

5.2.7  Quantum  Decoherence  and  Quantum  Memory 

Quantum  memories  need  to  be  able  to  preserve  a  quantum  state  long  enough  for  operations 
to  be  performed  on  that  quantum  state.  Quantum  decoherence  is  the  effect  that  occurs  when 
quantum  states  interact  with  the  environment  and  lose  their  quantum  interference  effects. 
Better  quantum  memories  preserve  a  quantum  state  for  a  longer  time.25,26 

5.2.8  Energy-Time  Entanglement 

Energy-time  entanglement  and  time-bin  entanglement  are  closely  related.  Two  particles  can 
be  energy-time  entangled.  Earlier  we  mentioned  that  photons  can  be  polarization  entan¬ 
gled.  Quantum  particles  may  be  entangled  in  one  or  more  properties.  Energy-time  entangle¬ 
ment  has  been  achieved  using  an  unpulsed  pump  laser  and  time-bin  entanglement  has  been 
achieved  using  a  pulsed  laser.2'  Time-bin  entanglement  is  a  state  where  photons  are  entan¬ 
gled  in  between  long  and  short  paths  of  an  unbalanced  interferometer.  That  is,  in  quantum 
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systems,  not  only  can  quantum  particles  be  entangled  but  also  their  paths  can  be  entan¬ 
gled.  Both  path-  and  particle-based  entanglement  features  can  be  exploited  for  developing 
quantum  communications  systems  and  networks. 

5.2.9  Spontaneous  Parametric  Down  conversion  (SPDC)  and  Up  Conversion 

For  quantum  detection  of  correlated  photons  pairs  at  greater  detection  efficiencies,  sponta¬ 
neous  parametric  down  conversion  and  up  conversion  methods  have  been  developed. 16,28,29 
Generally  speaking,  the  SPDC  process  employs  a  y2  nonlinearity  of  a  material  such  as  beta- 
barium  borate  (BBO)  or  lithium  borate  (LBO)  to  split  a  pump  photon  into  2  photons  subject 
to  the  condition 

vP  =  vs  +  Vi  (10) 

where  up  is  the  frequency  of  the  pump  photon  and  vs  and  zy  are  the  frequencies  of  the 
2  down  converted  photons.  The  frequencies  of  vs  and  zy  need  not  be  equal  to  each  other, 
which  has  useful  applications  for  quantum  communications.  The  subscripts  s  and  i  represent 
signal  and  idler,  respectively.  Historically,  "signal"  refers  to  the  higher  frequency  anti-Stokes 
photon  and  "idler"  is  the  lower  frequency  Stokes  photon.30  Similarly,  up  conversion  uses  a 
nonlinear  process  whereby  a  photon,  say  at  the  telecommunications  wavelengths  (1300-1500 
nm)  where  detector  efficiency  is  low  and  noisy,  is  up  converted  to  the  visible  or  near  IR  where 
silicon-based  photon  detectors  have  much  higher  efficiencies  and  less  noise.  In  this  case,  the 
equation  appears  as 

Vt  +  Vp  =  Up  (11) 

where  up  is  the  frequency  of  the  telecommunications  wavelength  photon  and  up  is  the  up 
converted  detector  photon.  The  frequency  up,  the  nonlinear  media  and  the  tuning  of  the 
phase-matching  conditions  must  all  be  chosen  to  optimize  the  efficiency  of  the  up  conver¬ 
sion  to  up  for  the  particular  detectors  involved.  We  note  that  the  relationship  between  the 
frequency  v  and  wavelength  A  is  given  by  the  following:13,31 

v  =  —  and  A  =  — .  (12) 

A  v 

There  is  research  to  develop  better  entangled  photon  sources  for  free-space  applications32 
where  the  wavefunctions  for  the  polarization  entangled  photons  generated  by  this  implemen¬ 
tation  are  of  the  form 

I*  m  =  d=(  IV. U.)  +  e«A-A'»  I HX,HX,) )  (13) 
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where  As  and  \  are  the  wavelengths  of  the  downconverted  photons  and  o  is  a  relative  phase 
between  the  2  wavelengths  in  their  device.  In  practice,  the  phase  (j>  must  be  considered; 
however,  it  is  often  left  out  of  theory  formalism  to  simplify  the  presentation. 

5.3  Teleportation  Implementation _ 

Entanglement  is  a  quantum  mechanical  phenomenon  in  which  the  interacting  states  of 
2  or  more  quantum  systems  cannot  be  described  independently.  Teleportation  uses  en¬ 
tanglement  and  is  a  quantum  process  whereby  quantum  information  can  be  transmitted 
over  long  distances.33,34  As  an  example  of  the  process  of  quantum  teleportation,  assume 
that  Alice  and  Bob  share  half  of  an  entangled  photon  pair  that  is  in  the  state  T )  A  B  = 
^  (| Ha)  | Vb)  —  | Va)  | Hb))  and  that  Alice  wants  teleport  to  Bob  a  photon  with  a  defined 
polarization  Qc)  =  7  1  [ct  I  He)  +  ft  I  Vc)\-  Alice  would  perform  a  joint  Bell  measurement 

yf  a2+02 

on  her  half  of  the  entangled  photon  pair  with  the  photon  she  wants  to  teleport.  Prior  to  the 
joint-measurement,  the  state  of  the  3  photons  is  |'P)AB0  |^c)  =  775  (| HA)  \VB)  —  \  VA)  \Hb))<S> 

,  1  (a  | He)  +  /?  I  Vc))-  The  physics  of  teleportation  describes  how  the  photons  of  Alice 

y/a2+02 

and  Bob’s  entangled  pair  and  the  photon  to  be  teleported  are  changed  in  Alice’s  basis  to 
appear  as  if  Alice’s  photon  \^)A  is  in  an  entangled  state  with  |UC).  Using  Eqs.  7  and  8,  the 
3-photon  state 

/„,  j  gj?{a(|g-4> \Vb)  I HC)  - \VA)  | Hb)  I Hc))  (14) 

+  (| Ha)  | Vb)  \Vc)  ~  \VA)  \HB) \VC))  } 

can  be  rewritten  as 

2  yjo?  +  ^  ®  P \Hb))  +  \^~)ac  ®  +  P  I  Hb))  (15) 

+  \'1P+)ac  ®  (— 1 a  I  Hb)  +  P  I  Vb))  +  \p>  )AC  ®  («  I HB)  +  (3  \VB))  }. 
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Alice  has  4  possible  outcomes  for  her  joint  measurement  of  the  state  T )  AC 


^)=^=(\HA)\VC)^\VA)\HC))  (16) 

*2>  =  -j=  (\ha) \Vc)  +  \VA)  \Hc)) 

<tls)  =  -^(\HA)\Hc)-\VA)\Vc)) 

*“>  =  A  (I ha)  I Hc)  +  \VA)  |14» 


and  she  would  transmit  2  bits  to  Bob  that  would  instruct  him  on  what  transform  T  to  use 
to  operate  on  his  remaining  photon  of  the  entangled  pair  to  complete  the  teleportation.  The 


4  cases  and  operations  are  1)  Tj  = 


1  0 
0  1 


,2  )T2  = 


1  0 
0  -1 


,  3)  T3  = 


0  1 
1  0 


,  and  4) 


T4  = 


0  -1 

1  0 


Case  1  is  the  identity  operation  and  indicates  that  Bob’s  photon  is  in 


the  state  of  the  photon  that  Alice  teleported  to  him.  Case  2  applies  a  n  phase  shift  to  the  V) 
component  of  Bob’s  photon  to  complete  the  teleportation.  Case  3  rotates  the  polarizations 
from  a  \ HB)  +  /3  \  Vb)  to  a  \  Vb)  +  (3  \ HB)  and  Case  4  performs  an  operation  similar  to  Case 
3  with  a  7r  phase  applied  shift  to  the  |  H)  component  of  Bob’s  photon. 


5.4  Entanglement  and  Teleportation  Experiments 

This  section  describes  experimental  approaches,  setups,  and  results  of  initial  photonic  tele¬ 
portation  experiments  at  ARL.  The  feasibility  of  performing  entanglement  and  teleportation 
experiments  between  ARL  and  JQI  either  one  way  or  round  trip  were  investigated.  Figures 
6  and  7  are  depictions  of  the  QNET-AP  entangled  photon  paths  involving  ARL  to  JQI 
roundtrip,  ARL  to  JQI  one  way,  and  a  distributed  network  with  atom  chips  and  entangled 
photons.  In  the  sections  that  follow,  we  present  features  of  the  ARL  entanglement  source  and 
results  from  our  preliminary  entangled  photon  transmission  characterization  of  the  ARL  to 
JQI  fiber  link  (Fig.  8).  To  examine  photonic  teleportation  capabilities,  an  initial  experiment 
for  probabilistic  teleportation  was  designed  and  implemented.  The  details  of  the  photonic 
teleportation  experiments  (Fig.  9)  are  given  in  Section  5.4.7.  In  Section  5.4.9,  we  experimen¬ 
tally  explored  the  capability  of  entanglement  swapping  to  entangle  photons  from  entangled 
pairs  created  in  2  different  time  bins.  Results  from  these  experiments  were  characterized 
using  the  quantum  density  matrix  of  the  2-photon  state.  We  also  present  in  Section  5.4.10 
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a  concise  description  of  our  designed  and  patented  system  and  method  protocol  to  com¬ 
press  and  probabilistically  optimize  information  transfer  during  quantum  communication  by 
means  of  teleportation.  Finally,  we  summarize  the  results  and  achievements  attained  from 
the  ARL  entanglement  and  teleportation  experiments. 


Triple  Coincidence 
counter 


Computer 


Fig.  9  Setup  of  teleportation  experiments 


5.4.1  Entangled  Photon  Transmission  Over  the  Fiber  Setups  in  CISD 

It  is  important  to  characterize  the  effects  of  entanglement  propagation  over  long  distances 
through  the  ambient  environment.  To  investigate  the  transmission  of  entangled  photons  from 
ARL  to  nearby  institutions,  such  as  depicted  in  Fig.  7,  we  designed  a  setup  that  allowed  us 
to  perform  entangled  photon  experiments  with  the  round  trip  paths  between  ARL  and  JQI. 
The  decoherence  of  entangled  photons  in  fiber  has  been  documented  in  important  studies 
that  include  the  sudden  death  of  entanglement,  non-local  compensation  of  polarization 
mode  dispersion  (PMD),36  and  loss  of  entanglement.37  These  experiments  were  performed 
in  fibers  on  spools  housed  within  a  laboratory.  We  characterized  the  ability  of  the  fiber 
connection  between  ARL  to  JQI  and  return  (Fig.  8)  to  transmit  entangled  photons.  The  fiber 
link  between  ARL  and  JQI  is  subject  to  environmental  effects  that  cannot  be  reproduced 
in  the  laboratory.  To  test  the  entangled  photon  round  trip  transmission  from  ARL  to  JQI 
and  back  over  installed  dark  optical  fiber,  we  coupled  our  entangled  photons  into  and  out 
of  the  fiber  loop  with  wave  division  multiplexers,  as  shown  in  Fig.  10.  Entangled  photons 
were  transmitted  through  the  fiber  27-km  round  trip  from  ARL  to  JQI  and  we  measured 
surviving  entangled  photons  within  our  time  windows.  To  get  a  baseline,  these  initial  tests 
used  a  local  timing  clock  provided  by  the  entangled  photon  source  to  gate  the  detectors.  For 
this  initial  set  of  experiments,  we  measured  70  entangled  photon  pairs  per  second.  The  time 
of  propagation  of  the  entangled  photon  pairs  through  the  optical  path  showed  a  fluctuating 
±250  ps  offset  with  respect  to  the  local  clock.  If  timing  offsets  are  sufficiently  large,  they  will 
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Fig.  10  Experimental  setup  to  determine  long-distance  entangled  photon  transmission  baseline  using  a  local 
clock  for  gating  detectors.  The  setup  includes  2  wave  division  multiplexers  (WDMs)  to  couple  the  entangled 
photons  into  and  out  of  a  single  optical  fiber. 


reduce  signatures  of  constructive  (destructive)  quantum  interference  from  entangled  photons; 
however,  calculations  can  be  made  of  what  the  effect  would  be  if  the  timing  offsets  (timing 
jitter)  were  reduced.4^  The  long  path  to  JQI  and  return  added  timing  offsets  to  our  setup. 
In  summary,  based  on  the  results  of  these  experiments  we  developed  an  improved  design, 


Fig.  11  Planned  experimental  setup  for  efficient  long  distance  entangled  photon  transmission  using  an  optical 
timing  pulse  to  gate  detectors.  The  setup  includes  2  WDMs  to  couple  the  entangled  photons  into  and  out  of  a 
single  optical  fiber.  Two  additional  WDM  components  are  included  that  couple  an  optical  clock  pulse,  shown 
by  the  green  circles  and  orange  lines,  that  travel  with  the  entangled  photons  and  be  subject  to  the  same  phase 
timing  disturbances.  Projected  photon  pair  counts  would  increase  to  more  than  600  pairs  per  second. 


illustrated  in  Fig.  11,  that  would  couple  in  an  optical  timing  pulse  to  the  entangled  photon 
path  where  we  would  expect  a  reduction  in  the  timing  offsets  that  had  been  due  to  the 
path  propagation  variability  with  respect  to  the  local  clock.  We  anticipate  that  this  could 
yield  an  increase  from  70  pairs  per  second  to  more  than  600  pair  counts  per  second;  nearly 
a  factor  of  10  improvement  in  coincidence  counts.  Furthermore,  it  is  important  to  mention 
that  polarization  entangled  photons  are  less  affected  by  fiber-optic  phase  variations  than 
single  photon  polarizations  because  the  entangled  photon  pair  polarizations  are  not  set  until 
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measured  after  transiting  the  fiber.  This  provides  a  key  benefit  for  implementing  entangled 
photons  in  quantum  communication  schemes  that  can  exploit  this  feature. 

5.4.2  Entanglement  Experiments 

We  also  performed  measurements  on  our  entangled  photon  source  and  established  the  non- 
classical  character  of  the  entangled  photons  using  2-photon  interference  visibility  tests  (Figs. 
13  and  15).  The  setup  for  these  experiments  is  shown  in  Fig.  12.  In  these  experiments  an 


Fig.  12  Setup  to  measure  polarization  entangled  photon  2-photon  interference  visibility.  An  entangled 
photon  source  generates  pairs  of  polarization  entangled  photons.  Each  photon  is  directed  to  pass  through  a 
polarization  analyzer  prior  to  being  measured. 


entangled  photon  source  generates  pairs  of  polarization  entangled  photons.  Each  photon  of 
the  entangled  pairs  is  directed  to  pass  through  a  polarization  analyzer  prior  to  being  mea¬ 
sured.  One  polarizer  is  set  to  a  fixed  polarization  angle  6 1  and  the  second  polarizer  angle 
02  is  rotated  through  360°.  The  results  are  shown  in  terms  of  Ad,  which  is  the  difference 
between  the  2  polarizer  angle  settings. 


Fig.  13  Two-photon  polarization  interference  coincidence  measurements  in  4  measurement  basis 


5.4.3  Measures  of  Non-Classicality  and  Entanglement 

Entanglement  is  a  quantum  mechanical  phenomenon  in  which  the  interacting  states  of  2  or 
more  quantum  systems  cannot  be  described  independently.  Also,  photons  as  part  of  a  quan- 
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turn  mechanical  system  may  be  characterized  as  to  whether  they  obey  predominantly  clas¬ 
sical  statistics  or  non-classical  statistics.  Entangled  photons  are  distinctly  non-classical,  but 
there  are  also  other  non-classical  states.  Properties  of  non-classicality  may  include,  but  are 
not  limited  to,  non-locality,  superposition,  indistinguishability,  and  interference  in  space  and 
time.  Quantum  mechanical  systems  obey  rules  that  are  described  by  probability  amplitudes 
or  wavefunctions.  There  are  various  tests  for  entanglement  and  non-classicality  of  photon 
systems.  Violation  of  Bell  inequalities,  Hong-Ou-Mandel  (HOM)  visibility  tests,  fidelity  mea¬ 
sures,  n^-order  interference  experiments,  and  other  approaches  are  used  to  help  characterize 
entanglement  and  are  used  as  entanglement  witnesses.49  The  violation  of  Bell’s  inequality  has 
been  considered  an  important  marker  for  entanglement,51  nevertheless  research  to  improve 
the  methodology  is  still  active.55  The  Clauser-Horne-Shimony-Holt  (CHSH)52  test  was  de¬ 
veloped  to  characterize  non-classicality  and  entanglement.  The  CHSH  parameter  "S"  is  cal¬ 
culated  from  measured  quantum  data.  A  value  of  S  greater  than  2  under  the  right  conditions 
indicates  a  violation  of  Bell’s  inequality  as  an  indicator  of  entanglement,  non-locality,  and 
non-classicality.  The  normalized  second-order  coherence  function,  G(2)  =  G'-2)  (fq,  aq;  t2,  x2) , 
provides  a  measure  of  entanglement  for  polarization  entangled  photons.1'  Although  it  may 
be  described  in  other  ways,  it  is  important  to  realize  that  the  HOM  interference  is,  in  fact, 
between  quantum  probability  amplitudes  and  not  between  photons.50  Thus  in  our  analysis 
we  work  with  quantum  probability  amplitudes. 

5.4.4  Entanglement  Propagation  Through  Scattering  and  Decohering  Media 


Fig.  14  Setup  to  measure  polarization  entangled  2-photon  interference  visibility  after  propagating  through 
scattering  and  absorbing  media.  An  entangled  photon  source  generates  pairs  of  polarization  entangled 
pho-tons.  Each  photon  is  directed  to  pass  through  a  polarization  analyzer  prior  to  being  measured.  Prior  to 
being  measured,  each  or  both  photons  of  the  entangled  pairs  may  pass  though  scattering  and  absorbing 
media  (i.e.,  ground  glass). 

The  photons  in  an  installed  fiber  network  undergo  decoherence  due  to  a  number  of  factors 
including  network  conections  and  changing  environmental  conditions.  In  order  to  gain  bet¬ 
ter  understanding  of  the  effects  of  scattering  on  entanglement  decoherence  laboratory  tests 
were  conducted  that  measured  the  propagation  of  entangled  photons  through  scattering  and 
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decohering  media.  The  entangled  photon  pairs  were  generated  and  one  or  both  of  the  photon 
pairs  were  propagated  through  a  piece  of  ground  glass  prior  to  passing  through  a  polariza¬ 
tion  analyzer  and  being  measured.  The  setup  for  these  experiments  is  shown  in  Fig.  14.  The 
primary  distinction  between  the  setup  described  in  Fig.  12  is  the  inclusion  of  a  ground  glass 
plate  shown  in  Fig.  14  in  one  or  both  of  the  entangled  photon  propagation  paths  to  simulate 
a  scattering  and  absorbing  media.  We  characterized  the  effect  of  propagation  of  entangled 

Entangled  Photon  Interference  No  GG 


Fig.  15  Entangled  photon  CC  measured  for  experiments  without  a  ground  glass  in  the  path  of  entangled 
photon  propagation 


photons  through  ground  glass  and  found  a  reduction  in  entangled  photon  visibility  due  to 
the  ground  glass.  Figure  15  presents  the  results  of  entangled  photon  polarization  visibility 
coincidence  counts  (CC)  measured  without  propagating  through  ground  glass.  Figure  16 
presents  the  results  of  entangled  photon  polarization  visibility  coincidence  counts  measured 
when  the  entangled  photons  propagated  through  ground  glass  prior  to  measurement.  Com¬ 
paring  Figs.  15  and  16,  one  can  see  that  while  there  was  a  significant  decrease  in  coincidence 
measurements,  the  character  of  the  entanglement  was  retained  with  propagation  through 
ground  glass. 


Entangled  Photon  Interference  GG 


Fig.  16  Entangled  photon  CC  measured  for  experiments  with  a  ground  glass  in  the  path  of  entangled  photon 
propagation 
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A  second  metric  for  visibility  and  non-classicality  is  the  second-order  coherence  of  2  photons 
(i.e.,  the  Glauber  G<2)  function).22  G(2>  is  typically  represented  by 

rm  =  (cci,2> 

(Ci)  (C2) 

where  the  CCij2  are  the  coincidence  counts  measured  between  detectors  1  and  2  and  the 
C i,i  =  1,2  are  the  single  photons  measured  by  detectors  1  and  2. 57  The  angled  brackets 
()  indicate  an  ensemble  average  such  that  (CCi^)  is  the  expected  value,  or  probability  of 
measuring  a  coincidence  between  detectors  1  and  2  and  (C,')  are  the  probabilities  of  detectors 
1  and  2  to  make  a  single  photon  detection.  A  violation  of  the  Cauchy-Schwartz  inequality 

a  Entangled  Photon  Interference  GG 


Polarization  difference  angle 


Fig.  17  Entangled  photon  G(2>  as  a  function  of  polarizer  setting  for  experiments  with  ground  glass 

regarding  the  second-order  coherence  function  for  indistinguishable  bosons  is  an  indicator  of 
the  quantum  properties  of  nonclassicality  and  entanglement  of  the  particles.53  Figures  17 
and  18  show  the  values  of  G(2)  as  a  function  of  the  difference  in  angle  of  the  polarization 
analyzers.  One  can  see  that  in  Fig.  17,  where  the  entangled  photons  propagated  through 
ground  glass,  that  ranged  from  1  to  ~5,  which  shows  that  the  ground  glass  did  not 
completely  destroy  the  nonclassical  nature  of  the  entangled  photons.  In  contrast  for  the 
experiments  performed  without  ground  glass,  as  shown  in  Fig.  18,  the  value  of  G^  ranged 
from  1  to  nearly  8. 

To  emphasize  the  comparison  of  ground  glass  deterioration,  Fig.  19  compares  the  G{2)  results 
of  a  no-ground  glass  experiment  in  red  and  the  results  using  the  same  polarization 
settings  with  ground  glass  in  blue.  There  is  about  a  factor  of  2  decrease  in  the  peak  G{2} 
values  while  the  low  values  for  both  cases  are  approximately  1.  This  is  due  to  the  fact  that 
Gi2}  is  dependent  on  the  number  of  coincidence  measurements  and  when,  for  our  entangled 
photon  source,  the  difference  between  the  polarizers  is  ~90°,  the  coincidence  rate  drops 
nearly  to  0.  Similarly,  Fig.  20  also  presents  G(2>  curves  for  ground-glass  and  no-ground-glass 
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Fig.  18  Entangled  photon  G(2)  as  a  function  of  polarizer  setting  for  experiments  without  ground  glass 


Fig.  19  Comparison  of  entangled  photon  G(2)  as  a  function  of  polarizer  setting  for  experiments  with  and 
without  ground  glass 


experiments  at  a  different  polarization  analyzer  setting  such  that  peaks  of  coincidence  are 
at  settings  of  ~90°  difference.  The  results  from  these  experiments  show  that  while  there  is 
a  decrease  in  the  visibility  of  the  2-photon  interference  the  properties  of  entanglement  can 
survive  propagation  through  scattering  and  decohering  media.  This  feature  of  entanglement 
may  prove  useful  for  Army  applications  in  challenging  environments. 

5.4.5  Entangled  Photon  Tests  by  Bell  Inequality  Violations 

To  understand  the  effects  of  decoherence  on  the  propagation  of  entangled  photons  through 
scattering  and  decohering  media,  Bell  inequality  violation  tests  were  conducted  with  trans¬ 
mission  through  ground  glass.  Entangled  photons  going  through  fibers  will  decohere  as  a 
function  of  such  factors  as  index  of  refraction  changes,  scattering,  absorption,  and  imperfec¬ 
tions.  Because  of  its  scattering  and  decohering  effects,  ground  glass  serves  as  a  severe  test  of 
entangled  photon  survivability  compared  to  the  effects  of  fiber  on  transmission.  Entangled 
photons  were  propagated  through  ground  glass  as  shown  in  the  setup  of  Fig.  14.  Results 
of  the  entangled  photon  tests  to  measure  the  violation  of  Bell  inequalities  are  shown  in  the 
following  figures.  Accidental  coincidence  counts  can  be  subtracted  from  the  total  measured 
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Entangled  Photon  Interference  GG 


Fig.  20  Comparison  of  entangled  photon  G(2)  as  a  function  of  polarizer  setting  for  experiments  with  and 
without  ground  glass 


coincidence  counts  to  obtain  corrected  coincidence  counts  according  to  procedures  analogous 
to  those  of  Shadbolt  et  al.55 


Entangled  Photon  GG  Test  by 
Violation  of  Bell  Inequalities 


Fig.  21  Bell  inequality  violation  S-parameter  equal  to  2.1928  (accidentals  subtracted) 


Figure  21  shows  the  measured  joint  detections  as  a  function  of  polarization  difference  angles. 
The  difference  angles  refer  to  the  setting  of  the  polarization  analyzer  in  Fig.  14.  The  larger 
dots  indicate  the  locations  in  the  measurement  interference  curve  which  were  used  in  the 
violation  of  Bell  inequalities  test.  The  Bell  inequality  violation  parameter  for  the  indicated 
measurement  locations  yielded  a  value  of  S=2.2067.  An  S  value  greater  than  2  indicates  the 
presence  of  entanglement.52  Data  from  many  trials  can  be  combined  in  a  manner  consistent 
with  the  CHSH  Bell  inequality  tests  to  achieve  better  statistical  confidence.  Probabilities 
of  joint  detections  were  determined  from  a  series  of  measurements  in  4  different  bases  as 
a  function  of  the  polarizer  settings  in  the  polarization  analyzers.  CC  measurements  were 
made  with  the  correlated  photon  detection  system  (CPDS)  as  the  entangled  photons  exited 
the  polarization  analyzers.  Typically  100M  gated  measurements  were  made  at  each  point  in 
each  of  the  4  bases.  Figure  22  shows  a  second  set  of  locations  selected  from  the  measurement 
interference  curves  that  sampled  alternative  coincidence  count  measurements.  The  lines  show 
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Entangled  Photon  GG  Test  by 
Violation  of  Bell  Inequalities 


Fig.  22  Bell  inequality  violation  S-parameter  equal  to  2.0216  (accidentals  subtracted) 


the  measured  joint  detections  as  a  function  of  polarization  difference  angles  and  the  large  dots 
indicate  the  locations  in  the  measurement  interference  curve  that  were  used  in  the  violation 
of  Bell  inequalities  test.  The  Bell  inequality  parameter  for  this  second  set  of  measurements 
of  entangled  photon  transmission  through  ground  glass  was  S=2.0216. 

Experiments  were  also  conducted  without  the  ground  glass  decohering  media  using  the  setup 
shown  in  Fig.  12.  Illustrative  sample  results  of  our  Bell  inequality  violation  tests  are  shown 


Entangled  Photon  No  GG  Test  by 
Violation  of  Bell  Inequalities 


Fig.  23  Bell  inequality  violation  S-parameter  equal  to  2.4037  (accidentals  subtracted) 


in  Figs.  23  and  24.  Figure  23  shows  the  measured  joint  detections  as  a  function  of  polarization 
difference  angles  for  an  experiment  without  entangled  photon  transmission  through  ground 
glass.  The  large  dots  indicate  the  locations  in  the  measurement  interference  curve  that  were 
used  in  the  violation  of  Bell  inequalities  test.  These  locations  are  the  same  as  those  used 
in  Fig.  21.  The  Bell  inequality  violation  was  2.4037,  which  is  larger  than  the  corresponding 
ground  glass  test.  In  Fig.  24  the  measured  joint  detections  are  indicated  by  lines  and  the 
large  dots  indicate  the  locations  that  are  the  same  locations  used  in  Fig.  22  to  analyze  the 
Bell  inequality.  The  S-parameter  for  this  case  without  transmission  through  ground  glass 
was  S=2.1894. 
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Entangled  Photon  No  GG  Test  by 
Violation  of  Bell  Inequalities 


Fig.  24  Bell  inequality  violation  S-parameter  equal  to  2.1894  (accidentals  subtracted) 


In  summary,  Bell  inequality  violation  parameters  were  found  to  be  S=2.1928  and  S=2.0216 
for  entangled  photon  transmission  through  ground  glass  and  S=2.1894  and  S=2.4037  for 
entangled  photon  transmission  in  the  experimental  setup  without  the  ground  glass.  On  av¬ 
erage,  we  found  that  ground  glass  decreased  the  entanglement  Bell  inequality  violation  and 
reduced  the  number  of  entangled  pairs  measured,  but  sufficient  entanglement  likely  remained 
to  be  useful  for  quantum  communications  teleportation  experiments  involving  photons  over 
an  ARL  to  JQI  type  network.  Most  of  the  entangled  pairs  were  not  severely  affected  by  the 
phase  aberrations  of  the  ground  glass.  Based  on  our  results,  it  is  recommended  that  a  similar 
experiment  be  conducted  for  propagation  of  entangled  photons  from  ARL  to  JQI  and  the 
return  using  the  experimental  setup  illustrated  in  Fig.  11  where  the  long  distance  fiber-optic 
network  takes  the  place  of  the  ground  glass  as  the  scattering  and  decohering  media. 

5.4.6  Timing  for  Teleportation:  Measurements  of  Entangled  Photon  Jitter 

Accurate  timing  for  coincidences  and  interference  is  vital  for  the  operation  of  a  quantum 
network.  To  understand  some  of  the  timing  issues  related  to  the  generation  of  entangled 
photons  we  performed  experiments  to  determine  the  time  distribution  of  entangled  photon 
coincidence  measurements.  These  experiments  used  the  setup  shown  in  Fig.  25.  The  time 
difference  is  between  the  start  of  a  clock  cycle,  which  is  related  to  the  pump  pulse  laser 
that  generates  the  entangled  photons,  and  the  next  coincidence  measurement.  Results  of 
these  experiments  for  the  time  distribution  of  entangled  photon  coincidence  measurements 
are  presented  in  Fig.  26. 

These  results  indicate  that  a  clock  which  is  more  tightly  coupled  to  the  entangled  photon 
pair  may  be  useful  to  improve  performance  of  quantum  communications  across  a  quantum 
network. 

For  some  memory  entanglement  schemes,  the  polarization  properties  of  transmitted  photons 
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Fig.  25  Setup  to  measure  entangled  photon  time  distribution.  The  time  distribution  is  characterized  by  the 
time  difference  between  the  start  of  a  clock  cycle,  which  is  related  to  the  pump  pulse  laser  that  generates  the 
entangled  photons,  and  the  next  coincidence  measurement. 


ARL  Measurements  of  Entagled  Photon 
Time  Distribution  from  Creating  Pulse 


Fig.  26  Entangled  photon  time  distribution  from  creating  pulse 


are  used.  We  characterized  the  stability  of  the  polarized  light  transmission  with  regard  to 
the  fiber  environment.  The  results  of  these  studies  are  in  Section  8  entitled  "Environmental 
Effects  on  Polarized  Light  Fiber  Distribution". 

We  also  investigated  alternate  scientific  schemes  for  establishing  a  distributed  hybrid  quan¬ 
tum  communications  network  with  entangled  photons  and  atom/ions.  To  test  the  potential 
for  quantum  communications  using  entangled  photons,  we  made  measurements  of  proba¬ 
bilistic  teleportation.38,39  Probabilistic  teleportation  has  an  advantage  in  some  cases.  For 
one  scheme,  when  the  teleportation  fails,  the  sender  can  recover  the  unknown  state  and  the 
process  can  be  repeated  until  the  state  is  actually  teleported.39 

5.4.7  Laboratory  Teleportation  Experiments 

To  examine  the  potential  for  long-distance  teleportation  of  information  across  an  installed 
fiber  optical  network  we  performed  probabilistic  teleportation39  experiments  using  setups 
similar  to  those  shown  in  Figs.  9  and  27.  In  the  following,  we  discuss  procedures,  entanglement 
source,  background,  and  analysis  for  some  of  the  initial  photonic  teleportation  experiments. 

The  characterization  of  quantum  states  by  measurements  was  explored  by  Glauber22,67  who 
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Computer 


Triple  Coincidence 
counter 


Fig.  27  The  entangled  photon  source  uses  FWM  in  a  nonlinear  fiber  loop  to  generate  pairs  of  entangled 
photons.  The  residual  pump  is  polarized  and  inputs  information  source  photons.  One  of  the  entangled  photons 
passes  through  an  optical  delay  line  to  ensure  wavefunction  overlap  on  a  50/50  beamsplitter  with  the 
attenuated  residual  pump  pulse.  The  photon  coincidence  measurement  component  (PCMC)  is  used  to  detect 
coincident  measurements  between  the  2  detectors.  An  electronic  delay  is  used  to  compensate  for  the  timing 
differences.  The  remaining  photon  of  the  entangled  photon  pair  passes  through  a  polarization  analyzer  and  is 
then  measured.  The  detector  output  is  input  into  a  triple  coincidence  counter  along  with  the  electronically 
delayed  output  from  the  PCMC  to  detect  triple  coincidences. 

introduced  n  - order  coherence  functions  to  describe  joint  measurements  with  n  detectors. 
The  relation  of  normalized  Glauber  functions  to  a  Cauchy-Schwarz  inequality  and  other 
violations  provides  a  metric  of  the  non-classicality  (quantumness)  of  measured  states.  The 
second-order  Glauber  correlation  is  written  as 


where  the  i,j  indicate  the  detector,  a  and  rd  are  the  annihilation  and  creation  operators, 
a] at  =  n,  is  the  photon  number  operator,  and  (:  :)  describes  the  expected  value  with  normal 
ordering  of  the  operators.65  Generally  the  rG' -order  Glauber  correlation  N  is  written  as 


where  N  is  the  maximum  number  of  detectors.  The  third-order  Glauber  correlation  was  used 
to  describe  the  3-fold  coincidences  from  the  teleportation  experiments  where 


Various  methods  to  test  for  non-classsicality  and  entanglement  have  been  proposed  and 
studied.68  Many  of  these  tests  are  examining  the  phenomena  for  a  violation  of  a  Cauchy- 
Schwarz  inequality. 
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Teleportation  is  closely  tied  to  3-photon  states  and  can  be  indicated  by  3-fold  photon  co¬ 
incidence  measurements.  The  first  experimental  demonstration  of  teleportation  used  3-fold 
coincidences  to  determine  if  the  polarization  of  the  information  photon  had  been  teleported 
to  the  polarization  of  the  remaining  photon  of  the  initial  entangled  pair.34  Three-fold  coinci¬ 
dences  and  normalized  3-fold  coincidences  can  also  be  used  to  characterize  other  third-order 
quantum  effects.  Peaks  in  3- fold  coincidences  and  normalized  3-fold  coincidences  have  been 
reported  for  experiments  on  teleportation,  quantum  relays,  and  3-photon  sources.71-74 

Most  teleportation  experiments  are  performed  under  steady  conditions.  In  the  following  we 
analyze  teleportation  under  non-steady  conditions  where  the  mean  photon  and  coincidence 
photon  fluxes  are  changing  during  the  experiment.  The  idea  is  to  test  whether  3-fold  correla¬ 
tion  normalization  by  the  coincidence  measurements  is  indicative,  under  unsteady  conditions, 
of  3-photon  measurement  overlap  verifying  teleportation.  The  results  for  these  experiments 
are  promising  in  that  they  are  able  to  pick  up  the  timing  of  the  nearly  optimal  teleportation 
overlap.  Further  experiments  are  needed  under  different  conditions  to  see  if  the  scaling  is 
robust  under  more  general  conditions. 

5. 7.4.1  Analysis  of  Sample  Teleportation  Data:  Experiment  Series  1 

While  teleportation  can  be  achieved  in  a  photonic  system  without  a  quantum  memory,  re¬ 
peaters  with  quantum  memories  are  necessary  for  robust  long-distance  teleportation  in  a 
quantum  network.  Nevertheless,  teleportation  experiments  without  quantum  memory  can 
provide  crucial  information  on  the  physics  timing,  scaling,  and  protocols  while  practical 
quantum  memories  are  in  development.  Though  with  limitations,  even  all  photonic  quan¬ 
tum  repeaters  have  been  proposed.40  Recent  proof-of-principle  teleportation  experiments 
provide  insight  into  the  behavior  of  multi-photon  states  in  fiber  optics  networks.  Entangled 
photons  for  the  ARL  experiments  were  generated  using  a  custom  made  commercial  entan¬ 
gled  photon  source  and  detectors.  The  entangled  photon  source  generated  entangled  photon 
pairs  in  a  o+  state  given  by  the  superposition 

(f)+  =  \HH)  +ei*\VV).  (18) 

The  information  photon  emanated  from  an  attenuated  channel  of  the  residual  pump  of  the 
entangled  photon  source.  The  information  photon  is  then  set  to  a  known  polarization  state, 
e.g.,  |  H)  or  V) .  The  information  photon  interacts  on  a  50/50  beamsplitter  with  one  pho¬ 
ton  of  an  entangled  pair  from  the  entangled  photon  source  with  4  possible  outcomes.  After 
the  interaction,  the  photon  paths  are  directed  to  photon  detectors  and  are  measured.  The 
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photon  measurements  are  then  input  into  a  PCMC  to  determine  if  the  measurements  are 
coincident.  Calibration  of  the  interaction  of  the  information  photon  and  one  photon  of  an 
entangled  pair  of  photons  was  determined  by  measuring  the  coincidence  rate  of  the  entangled 
photon-information  photon  joint  measurement  as  a  function  of  optically  delaying  the  infor¬ 
mation  photon  entering  the  50/50  beamsplitter.  Good  overlap  of  the  information  photon 
wavefunction  with  the  wavefunction  of  an  entangled  photon  is  indicated  when  this  coinci¬ 
dence  rate  was  at  a  maximum  value.  A  low  coincidence  rate  is  indicative  of  a  poor  overlap 
of  the  wavefunctions  which  further  signifies  that  the  information  photon  is  not  interacting 
efficiently  with  an  entangled  photon. 

After  calibration,  a  series  of  longer  duration  (300  s)  measurements  were  performed  to  test 
the  teleportation  of  the  information  photon  state.  On  registering  a  coincidence  between 
the  information  photon  and  one  photon  of  an  entangled  photon  pair,  the  PCMC  outputs 
an  electronic  signal  that  is  input  to  a  triple  coincidence  counter  after  passing  through  an 
adjustable  electronic  delay.  The  electronic  delay  is  used  synchronize  the  measurements  of 
the  first  pair  of  photons  and  the  measurement  of  the  remaining  photon.  The  measurement 
of  a  coincidence  is  indicative  that  the  state  of  the  2-photon  sub-system  is  .  This  occurs 
when  the  2  photons  have  orthogonal  polarizations.  Because  the  state  of  the  information 
photon  is  known,  then  at  measurement  the  polarization  of  the  entangled  photon  must  be 
orthogonal  to  the  information  photon.  Since  the  entangled  photons  began  in  a  (j)+  state  and 
a  coincident  measurement  was  recorded,  the  remaining  photon  must  also  be  orthogonal  to 
the  information  photon.  The  remaining  photon  of  the  entangled  photon  pair  then  passes 
through  a  polarizer  and  is  measured.  For  example,  in  this  case,  the  polarizer  may  be  set 
orthogonal  to  the  polarization  of  the  information  photon  to  allow  passage  and  detection  of 
the  teleported  photon.  The  photon  measurement  is  input  into  a  3-fold  coincidence  counter 
along  with  the  output  of  the  PCMC  to  determine  if  a  3-fold  coincidence  has  occurred.  The 
coincidence  window  for  each  coincidence  measurement  can  be  varied. 

In  the  following,  we  examine  3-fold  photon  coincidences  scaled  by  2-fold  coincidences.  Three¬ 
fold  coincidences  that  are  scaled  by  2-fold  coincidences  from  our  teleportation  experiments 
at  ARL  are  shown  in  Fig.  28.  They  are  analogous  to  Glauber  representations  but  differ  in 
the  normalization.  The  experimental  results  indicate  that  teleportation  was  achieved  using 
a  pulsed  fiber-optic  based  system  in  the  telecom  wavelength  range  generating  signal  and  idler 
polarization  entangled  photons  with  different  but  nearby  wavelengths.  The  red  line  in  Fig. 
28  shows  the  scaled  teleportation  indicator,  F(t)  =  f  G^dt,  as  a  function  of  3-fold  timing 
overlap  adjustment.  Varying  the  timing  delay  allows  monitoring  of  the  arrival  time  of  the 
teleported  photons  to  characterize  the  teleportation  detection  profile.  The  normalized  triple 
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Triple  coincidence  integration  window  (ns) 


Fig.  28  Examples  of  experimental  teleportation  data:  Solid  red  line  shows  the  scaled  teleportation  indicator; 

F(t)  =  f  G'^dt  indicating  relative  teleportation  efficiency  as  a  function  of  delay  overlap.  The  maximum 
of  F(t)  was  set  to  1  in  the  fit  to  indicate  estimated  relative  efficiency.  The  variables  5123  indicates  3-fold 
coincidences  and  312,323,313  indicate  2- fold  coincidences  where  the  numbers  identify  the  detectors.  Solid 
Blue:  Normalized  above  background  G distribution  calculated  from  fitted  error  function. 


correlation  =  .  9123  =  was  used  to  scale  the  measurements  and  normalize  3 193.  The 
term  $123  indicates  3- fold  coincidences  and  c/12,  <723,  .9 13  indicate  2-fold  coincidences  where  the 
subscript  numbers  identify  the  detectors.  We  are  exploring  G{''V)  as  a  measure  of  the  quantum 
non-classicality  of  a  3-photon  state  since  it  ratios  measured  3-fold  coincidences  to  a  measure 
of  background  2-fold  coincidences  that  may  produce  accidental  3-fold  coincidences.  G{:V)  is  a 
useful  measure  of  teleportation  because  teleportation  occurs  when  a  3-photon  superposition 
state  exists  prior  to  the  measurement  of  photons  in  the  send  side  and  the  receive  side  of  the 
teleportation  system.  Other  normalizations  have  been  explored  such  as  the  anti-correlation 
parameter,  a  =  .58=70>75>76  We  explored  this  version  of  G ^  to  investigate  its  properties 

since  it  does  not  require  single  photon  counts  though  it  does  require  coincidences  between 
all  pairs  of  the  2-fold  coincidences.  We  found  that  normalizing  triple  coincidences  by  2-fold 
coincidences  could  be  used  as  a  stable  indicator  of  teleportation.  Nevertheless,  we  have  used 
and  compared  various  measures  of  non-classicality  including  the  anti-correlation  parameter 
a. 

The  probability  distribution  of  normalized  3-fold  coincidences  above  background  was  mod¬ 
eled  as  Gaussian  distribution  where  the  distribution  is  a  function  of  the  delay  between  the 
sender  coincidence  measurement  (CCsen<i)  and  the  measurement  of  the  remaining  entangled 
photon  Drp.  The  coincidence  window  is  moved  over  the  Gaussian  distribution  as  a  function 
of  the  delay  time,  which  results  in  a  Gaussian  error  function  shape.  The  data  were  fit  to 
a  Gaussian  error  function  and  are  displayed  as  the  red  line  in  Fig.  28.  The  experiment 
sampled  the  distribution  within  a  6-ns  coincidence  window  by  electronic  adjustment  of  the 
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CCsend ,  Drp  delay.  The  blue  line  in  Fig.  28  presents  a  plot  of  the  normalized  3-fold  coin¬ 
cidence  distribution  and  indicates  where  the  coincidence  window  sampled  the  distribution. 
The  hardware  for  the  programmable  electronic  delay  between  the  CCsenci  measurements  and 
Drp  measurements  had  a  minimum  delay  of  approximately  5  ns.  The  reported  delays  are  ad¬ 
ditional  programmable  delays  added  to  the  minimum  to  place  sender  coincidence  detection 
events  inside  a  coincidence  window  with  the  detection  of  the  remaining  entangled  photon. 
The  effect  of  changing  the  delay  was  to  alter  where  the  normalized  3-fold  coincidence  dis¬ 
tribution  was  sampled.  If  a  longer  optical  path  of  3  to  4  m  were  included  on  the  remaining 
entangled  photon  for  this  experimental  setup  we  would  expect  to  be  able  to  more  accurately 
sample  the  3-fold  coincidence  distribution  and  increase  the  3-fold  coincidence  and  normal¬ 
ized  3-fold  coincidence  values.  These  results  for  this  experiment  is  promising  in  that  it  was 
able  to  pick  up  the  timing  of  the  nearly  optimal  teleportation  overlap.  The  theory  has  been 
developed  further  to  relate  to  nonclassicality  parameters.  More  details  of  the  theory  and 
analysis  will  be  published  in  a  forthcoming  paper." 

Measurements  used  to  plot  the  results  shown  in  Fig.  28  are  presented  in  Table  3,  where  the 
coincidences  were  counted  for  300  s  at  delay  settings  between  2  and  5  ns.  In  the  following 
sample  of  teleportation  data,  the  coincidence  window  was  set  to  6  ns.  The  registration  of  triple 
coincidences  above  background  indicates  teleportation  of  the  information  photon  states. 
Note  that  the  greatest  number  of  triple  coincidences  occurred  at  a  3-ns  delay  with  24  3-fold 
coincidences  per  300  s  and  this  dropped  to  13  3-fold  coincidences  with  a  delay  at  5  ns  and 
18  3-fold  coincidences  at  a  2-ns  delay.  To  compensate  for  the  varying  coincidences  rate,  it 
is  advantageous  to  apply  an  appropriate  normalization. 


Table  3.  Sample  of  data  from  triple  coincidence  measurements 


Delay 

Coincidences 

Triples 

G ®  back groundsubtr acted 

Normalized  oTOO 

2  ns 

3096 

18 

1.04F  -  4 

4.165F-5 

98.49 

3  ns 

3804 

24 

1.02F-4 

3.946F  -  5 

97.69 

4  ns 

4312 

23 

0.812F-4 

1.839F  -  5 

38.2 

5  ns 

3498 

13 

0.628F  -  4 

0 

0 

Table  3  lists  the  number  of  2-fold  and  3-fold  photon  coincidences  as  a  function  of  delay 
time  between  the  measurement  of  the  joint  measurement  of  the  information  photon  and 
one  photon  of  an  entangled  photon  pair  and  the  measurement  of  the  remaining  photon  of 
the  entangled  photon  pair.  At  the  5-ns  delay  time  a  background  of  13  3-fold  coincidences 
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was  measured  and  after  scaling  was  considered  background  for  all  delay  settings.  The  non¬ 
zero  triple  coincidence  measurements  level  is  consistent  with  the  noise  background  of  the 
detectors  that  measure  photons  in  the  telecom  wavelengths.  Thus  for  this  experiment,  we 
estimate  that  the  input  photon  state  was  teleported  approximately  11  times  in  300  s  over  a 
distance  of  approximately  2  m  in  the  laboratory.  As  a  follow  on,  we  have  been  engaged  in 
experiments  extending  the  teleportation  capability  with  higher  precision  timing,  resulting  in 
higher  teleportation  rates,  and  these  results  will  be  reported  separately. 


5.7.4.2  Analysis  of  Sample  Teleportation  Data:  Experiment  Series  2 

A  second  series  of  teleportation  experiments  were  conducted  to  analyze  configuration  and 
timing  constraints  using  improved  detectors  in  a  custom  modified  system.  In  the  following, 
we  discuss  the  scaling  of  3-fold  coincidence  measurements  shown  in  Fig.  29  from  the  labora¬ 
tory  teleportation  setup.  Figure  29  shows  G ^  =  -^=A===  as  a  function  of  yjgab  *  <7&c  *  gac- 
Three-fold  coincidences  were  measured  between  2  detectors  on  the  “send”  side  and  each  of 
the  detectors  on  the  receive  side.  To  gain  insight  on  the  effect  of  polarization  and  elapsed 
time  on  the  overall  distribution  of  the  scaled  teleportation  the  normalized  results  are  shown 
in  Fig.  29.  It  is  well  known  that  the  normalized  second-order  coherence  G(/2>  increases  with 
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Fig.  29  Normalized  triple  correlations  for  experiments  run  at  different  times  and  polarizations. 


lower  photon  flux59  where  a  value  greater  than  2  or  less  than  1  may  indicate  quantum  non- 
classicality.  G(2>  less  than  1  is  the  sub-Poissonian  case  and  greater  than  2  is  greater  than  the 
thermal  light  case.  We  are  investigating  a  similar  effect  with  G'(3k  Formulations  analogous 
to  our  G^  have  been  investigated  in  other  types  of  systems.60  63  The  normalized  3-fold 
coincidences  G{:>1]  is  a  ratio  of  the  triple-coincidences  to  the  square  root  of  the  product  of  the 
probability  of  2-photon  coincidences.  The  relationship  of  the  values  of  G(2}>  to  non-classicality 
are  under  investigation  and  will  be  described  in  more  detail  in  future  publications. 
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5.4.8  Entanglement  Source,  Detection,  and  Characterization 

Entangled  photons  were  generated  from  a  modified  entangled  photon  source.  Images  of  the 
source  and  associated  measurement  electronics  are  shown  in  Fig.  30.  The  wavelengths  asso- 


Fig.  30  Elements  of  a  teleportation  setup  including:  Entangled  photon  source,  detectors,  and  photon 
measurement  counting  electronics 


dated  with  the  entangled  photons  generated  by  the  source  and  pump  wavelength  are  given 
in  Table  4. 


Table  4.  ARL  entangled  photon  source  and  detectors 


Entangled  photon  source  (1550-1558  nm) 

Pump 

1554.1  nm 

EP1  (Signal) 

1550.92  nm 

EP2  (Idler) 

1557.36  nm 

Two  Lasers: 

Seed  and  Amplifier 

Timing  pulse 

1554.1  nm 

Entangled  photon  detectors 

CD1,  CD2,  CD3,  CD4,CD5,  CD6 

1550  -  1558  nm 

IDQ1 

1550  -  1558  nm 

5.4.9  Entangling  Photon  Pairs  Created  at  Different  Times 

It  is  important  to  determine  the  feasibility  of  entanglement  swapping  in  a  fiber  network.  Prior 
to  having  quantum  memories  we  experimentally  investigated  swapping  entanglement  between 
photon  pairs  created  at  different  times.  We  performed  experiments  for  this  entanglement 
swapping  between  photon  pairs  created  in  2  different  time  bins45,46  over  a  laboratory  optical 
network.  The  experimental  setup  for  these  experiments  is  shown  in  Fig.  31.  In  this  experiment 
one  photon  of  each  pair  of  entangled  photons  generated  at  time  t  (i.e.,  EP  (t)  =  P1  (t)®P2  (t)  ) 
is  delayed  such  that  it  can  interfere  with  one  photon  of  an  entangled  pair  generated  at  time 
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t  +  At;  EP{t  +  At)  =  Pi  (t  +  At)  <g>  P2  (t  +  At)  and  the  interference  would  take  place,  for 
example,  between  Pi  (t)  and  P2  it  +  At),  where  EP  represents  the  entangled  photon  pair 
and  Pi  and  P2  represent  the  photons  that  make  up  the  entangled  photon  pair. 


Fig.  31  Experimental  setup  for  entangling  photon  pairs  created  at  different  times.  One  photon  of  the  entangled 
photon  pairs  is  delayed  such  that  it  will  interfere  with  a  photon  generated  in  the  next  pump  pulse  on  the  beam 
splitter. 


Fig.  32  Initial  quantum  density  matrix  tomography  measurements:  Real  (left)  and  Imaginary  (right)  portions 
of  density  matrix  for  measurements  made  at  T1  =  T2 

To  characterize  the  complete  quantum  density  matrix  of  the  2-photon  system  for  the  ex¬ 
periment  of  Fig.  31  and  other  experiments,  quantum  state  tomography14,41’42  was  performed 
on  the  entangled  photon  measurements  (Fig.  32).  In  addition  to  state  tomography,  we  also 
investigated  process  tomography5,14  which  can  help  in  the  analysis  of  the  teleportation  of  one 
or  more  qubits.  Furthermore,  Hong-Ou-Mandel  (HOM)  experiments  were  performed  to  test 
the  quantum  interference  of  overlapped  entangled  photon  wavefunctions.  Our  results  indi¬ 
cate  that  even  over  a  fiber  network  there  is  a  potential  for  entanglement  swapping  between 
quantum  systems. 

5.4.10  Teleportation  Information  Compression  Using  Conditional  Quantum  Binary  Tree 

We  designed  and  patented  a  system  and  method  protocol  to  compress  and  probabilistically 
optimize  information  transfer  during  quantum  communication  by  means  of  teleportation.43,44 
Data  to  be  sent  are  compressed  and  stored  among  2"  bits  in  n  qubits  via  our  quantum 
binary  tree  (Fig.  33).  Data  at  successive  levels  of  the  binary  tree  are  randomly  sampled 
by  measurement  of  quantum  outcomes.  The  receiver  of  each  piece  of  data  indicates  what 
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EXAMPLE:  J  QUBITS  POTENTIALLY  REPRESENT  S  CLASSICAL  DATA  BINS 


DATA  BINS  0-7  DATA  BINS  0-7 


QUANTUM  BIN  ARY  TREE 


Fig.  33  Quantum  binary  tree 


data  were  received.  The  next  data  sent  are  further  down  the  tree  conditioned  on  what  the 
receiver  received,  thus  allowing  nearly  optimal  sampling.  This  algorithm  was  employed  to 
simulation  transmission  of  an  audio  speech  with  over  5,000  to  1  compression.  A  concept  for 
implementation  in  hybrid  entangled  atom  and  photon  setup  is  depicted  in  Fig.  34. 


Fig.  34  Teleportation  information  transmission 


5.4.11  Conclusions 

In  conclusion,  we  have  presented  theory  for  entanglement  and  the  application  of  entangle¬ 
ment  to  the  teleportation  of  information  between  a  sender  to  a  receiver.  The  introduction 
included  background  on  the  notation  and  described  the  operations  used  to  recover  the  state 
of  the  teleported  qubit.  To  investigate  the  potential  to  teleport  information  over  long  dis¬ 
tances,  we  performed  experiments  to  characterize  the  stability  and  survivability  of  entangled 
photons  transmitting  over  an  installed  dark  fiber  loop  between  ARL  and  JQI.  The  round-trip 
distance  was  27  km.  The  experiments  over  the  27-km  loop  using  a  local  clock  to  gate  the 
detectors  indicated  that  we  could  improve  the  coincidence  detection  rate  by  using  a  herald¬ 
ing  optical  pulse.  We  then  tested  schemes  for  the  generation  of  optical  pulses  to  herald  the 
entangled  photon  pairs  over  long-distance  paths.  These  experiments  led  us  to  design  a  WDM 
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implementation  for  combining  the  entangled  photon  pairs  and  an  optical  pulse  to  herald  the 
entangled  photon  pairs.  More  experiments  were  performed  investigating  polarization  drift  on 
the  optical  fiber  loop  and  those  results  are  detailed  later  in  this  report.  Prior  to  performing 
our  probabilistic  teleportation  experiments,  we  characterized  our  entangled  photon  source 
with  2-photon  interference  visibility  tests  and  violation  of  Bell  inequality  tests. 

For  our  laboratory  probabilistic  teleportation  experiments,  we  used  a  triple-coincidence  cri¬ 
teria  to  record  that  a  valid  teleportation  occurred.  Our  preliminary  experiments  indicated 
that,  based  on  the  triple-coincidence  criteria,  teleportation  was  occurring  during  our  exper¬ 
iments.  These  results  indicated  that  probabilistic  teleportation  of  input  states  took  place 
over  a  distance  of  2  m  in  the  laboratory.  We  are  designing  further  improvements  to  our 
experimental  setup  for  future  follow-on  research. 

We  successfully  performed  experiments  of  entanglement  swapping  between  entangled  photons 
generated  in  different  time  bins.  The  results  were  characterized  by  the  quantum  density 
matrix,  which  was  generated  for  the  2-photon  system  using  quantum  state  tomography. 

We  have  developed  novel  designs  for  measuring  Bell  states  for  probabilistic  teleportation  and 
have  proposed  novel  schemes  for  compression  of  information  sent  by  teleportation  between 
communicating  parties.  These  designs  and  schemes  were  filed  and  subsequently  issued  as  US 
patents  for  the  Army. 
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6.  Telecom-Wavelength  Conversion  for  Quantum  Communications 


Authors:  Sanjit  Karrnakar.  Ronald  E  Meyers,  Keith  S.  Deacon 


6.1  Introduction 

Because  of  the  scarcity  of  suitable  ground-state  atomic  transitions,  quantum  memories  are 
not  often  available  at  telecommunication  wavelengths.  Most  of  the  quantum  memories  re¬ 
ported  have  been  in  the  wavelength  range  of  700-800  nm.1  1  On  the  other  hand,  telecommuni¬ 
cation  optical  fibers  have  their  lowest  losses  of  0.2  dB/knr  in  the  optimal  telecom  wavelength 
of  around  1.5  /mi.  Because  of  the  low  transmission  loss  in  telecommunication  fibers,  down 
conversion  to  telecom-wavelengths  is  essential  for  long-distance  quantum  communications. 
Alternately,  at  typical  quantum  memory-wavelengths  in  the  range  of  700-800  nm,  detection 
efficiencies  can  be  very  high.  Hence,  for  the  purpose  of  measurement,  one  may  up  convert 
the  telecom- wavelength  photons  to  a  memory  wavelength.  In  this  section,  we  propose  an  ex¬ 
perimental  configuration  with  its  theoretical  explanation  to  down  convert  quantum  memory 
photons  to  telecom  wavelengths  with  high  conversion  efficiency.  We  also  propose  a  second 
configuration  for  the  conversion  of  telecom-wavelength  photons  to  the  quantum  memory 
wavelength  for  measurement  purposes  to  take  the  advantage  of  higher  efficiency  detection 
systems.  While  frequency  conversion  efficiencies  that  occur  in  atomic  ensembles  of  Rb  via 
FWM  in  a  diamond  configuration  are  usually  very  low  due  to  the  low  absorption  of  the  input 
beam,  below  we  find  in  our  analysis  that  the  conversion  efficiencies  could  be  as  high  as  90.5% 
for  the  down  conversion  case  and  96%  in  the  up  conversion  case  by  implementing  the  idea 
of  EIT. 


6.2  Down  Conversion  to  Telecom  Wavelengths 
6.2.1  Proposed  Experiment 

Without  applying  any  frequency  conversion  processes,  the  795-nnr  signal  beam  would  other¬ 
wise  be  propagated  through  the  telecommunication  fiber.  However,  to  minimize  large  trans¬ 
mission  losses  in  optical  fiber  at  795  nm,  the  795-nnr  photons  are  down-converted  to  telecom- 
wavelength  photons  at  1.53  /tm  .  The  signal  field  of  the  795- nm  photons  is  incident  on  an 
ultra-cold  atomic  ensemble  of  87Rb  for  down-conversion  via  a  FWM  process.5  8,12  The  atomic 
ensemble  of  87Rb  is  prepared  in  a  cell  of  length  L  at  ground  state  \g).  Figure  35  shows  the 
fields  at  their  corresponding  frequencies  are  coupling  at  the  4  levels  of  the  atomic  system. 


Approved  for  public  release;  distribution  unlimited 


51 


The  signal  field  E\  couples  the  transition  | g)  — ►  |c)  ,  the  pump  II  field  E2  couples  the  tran¬ 
sition  |  e  >— »  |  e) ,  and  the  pump  I  field  E4  couples  the  transition  | g)  — >  |  d).  Following  energy 
and  momentum  conservation,  the  FWM  process  generates  photons  of  wavelength  1.53  /mi, 
which  is  resonant  with  the  transition  | d)  — >  \e). 


Fig.  35  Diamond  configuration  of  frequency  down  conversion  in  8 '  Rb  atomic  ensemble  to  generate  telecom- 
wavelengtli.  The  energy  levels  in  this  diamond  configuration  are  | g)  =  |5Si/2,  F  =  1  >,  |c)  =  |5Pi/2,  F  =  2  >, 
|d)  =  |5P3/2,F  =  2  >  and  |e)  =  \5D5/2,F  =  3  >.  Here  4  level  atomic  interaction  through  FWM  occurs 
with  input  fields  Ey,  E2  and  P4  with  their  corresponding  angular  frequencies  ws(795  nro),  uiu(1A8  /am), 
and  w/(780  nm )  respectively,  and  generates  telecom  wavelengths  of  wt(1.53  /am). 


6.2.2  Discussion  and  Analysis 

When  the  795-nm  signal  beam  passes  through  the  atomic  ensemble  at  ground  state  | g),  the 
signal  is  strongly  absorbed  as  it  is  tuned  through  resonance.9  11  This  absorption  of  signal 
photons  significantly  affects  conversion  efficiency.  However,  some  of  the  absorption  can  be 
mitigated  by  implementing  the  FWM  process  in  a  region  of  high  transparency.  As  an  example, 
if  pump  II  is  turn  on  and  the  signal  beam  then  passes  through  the  atomic  ensemble  at  ground 
state |p),  the  signal  beam  will  be  resonantly  transmitted.  This  process  is  shown  in  Fig.  35 
and  the  explanation  is  given  as  follows. 


After  solving  the  wave  equation,6  8  we  have 


Ei  =  Ei(0)exp  — ^ Imx ^ 
L  2c 


(19) 


where  ojs  is  the  angular  frequency  of  the  signal  beam,  Imx ^  is  the;  imaginary  part  of  the 
first-order  susceptibility  and  Ey  (0)  is  the  incident  signal  field  at  the  Rb  cell  at  z  =  0.  When 
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pump  II  is  on  and  the  signal  passes  through  the  87Rb  cell,  the  signal  beam  is  resonantly 
transmitted  and  the  first-order  susceptibility  x(l)  is 


x(1)  = 


\ligc\2N 


^  (Affc  if-'gc)  (Age  lTge) 


where  Ygc  and  Tge  are  the  decay  rates  of  the  transition  g  — ►  c.  g  — ►  e,  respectively,  Agc  and 
Age  are  their  corresponding  detuning;  iljj  is  the  Rabi  frequency  of  pump  II;  ngc  is  the  dipole 
moment  of  the  transition  g  — >  c;  and  N  is  the  atomic  density  of  87  Rb. 


The  above  equation  can  be  rewritten  as 


(1)  _  \f-lgc\2N 
xC  fc 


(As  +  A//)  —  iTg 


h  (As  -  iTgc)[(As  +  An)  -  iTge]  - 

where  Agc  =  As,  Age  =  As  +  An.  As  and  An  are  the  detuning  of  the  signal  and  pump  II, 
respectively. 

Now  the  imaginary  part  of  y  W  can  be  expressed  as  follows: 

j  m  WA  (A,  +  A„)2iy  +  rg.(feil  +  ryry) _ 

ft  |(A,  +  A„)AJ-rscri,e-i5Ldi]2  +  [(A,  +  A„)ri,c  +  A,r!,j2' 


Then  Eq.  19  can  be  rewritten  as 

El  =  Eiifyexp  -  ^ OD(z)f(As ) 
where  OD(z )  =  js  the  optical  depth  at  z  and 


/(As)  = 


A//)2T„C  +  T 


ge\  4 


r)As  —  TgcTge  — 


£. gcTge) _ 

b  A Il)TgC  +  AsTge  2 


(23) 


(24) 


In  this  case,  Tgc  =  2nx2.88  MHz,  Tge  =  27tx0.8  MHz,  and  Yg(i  =  2ttx3  MHz.  The  parameters 
A/  =  27r  x  41  MHz,  An  =  27T  x  5  MHz,  Ylj  =  2n  x  4.8  MHz,  iljj  =  27T  x  50  MHz,  and  optical 
depth=  27t  x  150  MHz  are  chosen  to  have  an  optimized  conversion  efficiency.  Here  Qi  is  the 
Rabi  frequency  of  pump  I.  Figure  36  shows  the  intensity  of  the  signal  beam  (R  =  \Ei\2) 
plotted  against  the  detuning  of  the  signal  beam  (As),  which  shows  the  transmission  window 
after  turning  on  pump  II. 
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In  Fig.  36,  the  blue  line  shows  that  the  absorption  takes  place  when  the  signal  beam  is 
passed  through  the  87Rb  cell  without  turning  on  pump  II.  Alternately,  the  red  line  presents 
the  high  transparency  regime  of  the  signal  beam  after  turning  on  the  pump  II.  Now  by 
further  application  of  the  pump  I,  the  signal  beam  can  be  converted  to  telecom  wavelength 
with  high  conversion  efficiency. 


Fig.  36  Transmission  window  of  the  signal  beam 


The  conversion  efficiency  is  defined  as 


h{z  =  L)  \E3(z  =  L)\2 
h(z  =  0)  |£1(z  =  0)|2 


(25) 


where  I\  and  I3  are  the  intensities  of  the  input  signal  beam  and  converted  telecom  wavelength, 
respectively,  and  L  is  the  length  of  the  Rb  cell. 


When  considering  the  phase-matching  condition  in  the  emission  of  telecom  wavelength  in 
field  3,  the  wave  equation1’  8  is  given  by 


dE3 

dz 


3uk 
4  c 


E1E2E4 


(26) 
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or 


dE3 

dz 


=  -aX(3)E1 


(27) 


where  a  =  J—E2E4  and  oot  is  the  angular  frequency  of  the  telecom  wavelength. 


After  solving  the  above  equation  with  boundary  condition  of  E3(0)  =  0,  we  have 


«=>  - 


exp 


usz 

2c 


1 


(28) 


where  ujs  is  the  angular  frequency  of  the  signal  beam.  For  this  case,  the  third-order  suscep¬ 
tibility  is  given  by 


^  (3)  _  l^gd-^cel^edl^gd  1 

X 


6  h3  A/  +  iT 


iEn9d  (Aa  -  iVgc)  (As  +  An)-iT 


ID// 12 


(29) 


Let  us  consider  L  =  1  cm.  Then,  at  z  =  L  the  term  exp  (  ^ 
unity  (i.e.,  exp(^-ImX^'\  1)-  Now  the  E3(z)  becomes 


becomes  much  less  than 


u J 


j/myd) 


(30) 
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Fig.  37  Down-conversion  efficiency  of  the  signal  beam  into  the  telecom  wavelength 
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Then  the  conversion  efficiency  becomes 


E3(z  =  L)  I1 2 
|£i(*  =  0)|* 


lx(3)l 

ImyT 


2 


(31) 


After  substituting  y*33'1  and  /my^'h  the  conversion  efficiency  is  as  follows: 


»  =  ( j-in/iin,,'2 

4  W, 


1  [(As  +  An)As  —  Tgcr 


9e 


|Qjj|212 
4  J 


+  [(As  +  An)Tgc  +  Asr 


gel 


A?  +  r2d 


(As  +  A77)2r9C  +  rse(^  +  r3Crge) 


where  the  dipole  moments  are  ngd  ~  figc  ~  4.2eao  and  /ice  —  /red  —  4.2eao-  Now  Fig.  37 
shows  the  down-conversion  efficiency  plotted  against  the  detuning  of  the  signal  beam.  From 
Fig.  37,  it  is  clear  that  the  maximum  achievable  conversion  efficiency  to  telecom- wavelengths 
is  go.5%1. 


To  further  illustrate  the  frequency  conversion  process  in  the  Rb  cell,  we  show  the  intensity 
profiles  of  the  signal  beam  and  the  converted  telecom  beam  in  Fig.  38,  where  the  maximum 
transmission  of  the  signal  beam  is  at  As  =  4.1  MHz.  From  Fig.  38,  it  is  clear  that  the 
conversion  process  occurs  at  every  point  of  the  Rb  cell.2 


Fig.  38  Intensity  profiles  of  the  signal  beam  and  converted  telecom  beams  in  a  down-conversion  process 


1  The  peak  efficiency  is  not  centered  at  As  =  0  due  to  ac  Stark  shift. 

2The  predicted  maximum  efficiency  from  Fig.  38  is  89%,  which  is  a  little  lower  than  in  the  above  calculation 
of  efficiency  because  of  neglecting  the  term  expl  ^/myi1*  j  due  to  its  comparatively  low  value. 
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6.3  Up  Conversion  to  Memory  Wavelength 


6.3.1  Proposed  Experiment 

The  telecom  wavelength  photons  can  be  up  converted  to  the  atomic  memory  wavelength 
through  a  FWM  process,  wherein  the  memory  wavelength  photons  are  much  more  efficient  for 
measurement  with  high  quality  photon  detection  systems  at  this  wavelength.  This  proposed 
experimental  scheme  is  shown  in  Fig.  39.  When  the  telecom  field  is  passed  through  the  Rb 
cell  at  state  |  d)  pumped  from  state  | g)  by  pump  I,  it  is  strongly  absorbed  as  it  tuned  through 
resonance.  But  when  pump  II  is  turn  on  (before  starting  this  process),  the  system  acts  as 
EIT  and  creates  a  regime  of  transparency  to  pass  the  telecom  field  for  up  conversion.  This 
process  is  analogous  to  that  described  earlier  for  down  conversion.  Afterward,  the  telecom 
field  is  converted  to  the  signal  field  via  FWM  processes  with  a  high  frequency  conversion 
efficiency. 


Fig.  39  Diamond  configuration  of  frequency  up  conversion  in  8'Rb  atomic  ensemble  to  generate  memory 
wavelength.  The  energy  levels  in  this  diamond  configuration  are  | g)  =  |5S'1/2,  F  =  1  >,  |c)  =  |5Pi/2,  F  =  2  >, 
|d)  =  |5P3/2,F  =  2  >  and  |e)  =  |5P5/2,P  =  3  >.  Here  4  level  atomic  interaction  through  FWM  occurs 
with  input  fields  E2,  E3  and  E4  with  their  corresponding  frequencies  w//(1.48  /xm),  wj(1.53  /m n),  and  w/( 780 
nm),  respectively,  and  generates  memory  wavelengths  of  ws(795  nm). 
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6.3.2  Discussion  and  Analysis 

In  the  following,  we  analyze  the  up  conversion  process.  At  first,  we  solve  the  wave  equation 
for  the  input  telecom  field  E3  in  the  87Rb  cell,  where  it  can  be  written  as  follows: 


E3{z) 


E3(0)exp 


l-OD'(z)f'(A.) 


(32) 


where  £3(0)  is  the  incident  telecom  field  in  the  Rb  cell  at  z=0,  OD'(z)  =  is  the 

optical  depth  at  z  and 


a  a.)  = 


A2r  +r  ( |n/j|2 

ge  '  L  gc\  4 


W*) 


[(As  +  An)As  -  YgcYge  -  +  [(As  +  Aj/)r 


gc 


+  A»r0 12 


(33) 


gel 


After  calculating  the  output  field  and  simplifying  as  in  the  previous  down- conversion  case, 
the  up-conversion  efficiency  can  be  expressed  as  follows: 


Vs  = 


1  [(As  +  A//)AS  -  rgcrge  -  ^f}2  +  [(As  +  A n)Ygc  +  A,rge]2 


r2 

1  gd 


A^r9e  +  rgc' 


'  l^ul2 


rgcbge) 


(34) 


where  the  dipole  moments  are  \igfi  ~  jigc  ~  4.2ea0  and  /ice  ~  fied  ~  4.2ea0.  In  this  case, 
the  same  parameters  are  chosen  as  those  for  the  down-conversion  case  (i.e.,  with  the  optical 
depth=  27 rx^-x  150  MHz=27r  x  78.13  MHz  so  as  to  bring  about  the  most  optimal  conversion 
efficiency).  Figure  40  shows  that  the  maximum  achievable  efficiency  for  this  up-conversion 
process  is  96%.  Note  again  that  the  peak  efficiency  is  not  centered  at  As  =  0  due  to  the  ac 
Stark  shift. 


To  further  illustrate  the  proposed  up-conversion  process,  Fig.  41  shows  the  intensity  profiles 
of  both  the  telecom  field  and  up-converted  signal  field  at  every  point  inside  the  Rb  cell. 
Figure  41  clearly  shows  that  telecom  beam  is  up-converted  to  the  signal  beam  inside  the  Rb 
cell. 
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Fig.  40  Up-conversion  efficiency  of  the  telecom  beam  into  memory-wavelength 


6.4  Conclusion 

For  long-distance  communications,  a  low-loss  quantum  channel  is  needed.  Yet,  the  transmis¬ 
sion  through  optical  fiber  of  photons  generated  via  atomic  transitions  can  be  significantly 
impeded  over  long  distances  because  of  very  high  losses  at  these  wavelengths.  However,  at 
telecom  wavelengths  the  losses  are  much  smaller;  hence,  the  necessity  to  implement  frequency 
down  conversion  to  telecom  wavelengths  where  the  losses  are  much  smaller.  On  the  other 
hand,  the  very  high  detection  efficiency  of  photon  measurement  systems  at  quantum  mem¬ 
ory  wavelengths  makes  a  high  efficiency  up-conversion  process  desirable  to  retrieve  quantum 
information  transmitted  via  telecom  wavelength  photons. 

The  main  concern  for  both  frequency  down  conversion  and  frequency  up  conversion  to  achieve 
a  robust  quantum  network  is  the  need  for  high  conversion  efficiency.  While  frequency  conver¬ 
sion  efficiencies  that  occur  in  atomic  ensembles  of  Rb  via  FWM  in  a  diamond  configuration 
are  usually  very  low  due  to  absorption  of  the  input  beam,  we  found  in  our  analysis  that  the 
conversion  efficiencies  can  be  as  high  as  90.5%  for  the  down-conversion  case  and  96%  in  the 
up-conversion  case  by  implementing  the  idea  of  EIT.  Here,  a  high  transparency  regime  can 
be  created  to  overcome  the  problem  of  low  conversion  efficiency.  We  expect  that  our  pro¬ 
posed  configurations  will  enable  progress  toward  future  quantum  communication  networks 
over  long  distances. 
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Fig.  41  Intensity  profiles  of  the  telecom  beam  and  converted  signal  beams  in  a  up-eonversion  process  as  a 
function  of  the  position  (z)  in  side  the  Rb  cell 
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7.  Color-Controllable  Polarization  Entanglement  Generation 


Authors:  Sanjit  Karmakar,  Ronald  E  Meyers 


7.1  Introduction 

Entanglement,  a  quantum  mechanical  phenomenon  in  which  the  interacting  states  of  2  or 
more  quantum  systems  cannot  be  described  independently,  is  vital  to  a  wide  range  of  new 
technologies  such  as  quantum  imaging,1-6  quantum  computing,7,8  and  teleportation.9,10 

Despite  its  importance,  robust  entangled  photon  generation  and  control  with  specific  needed 
wavelengths  (colors)  is  difficult  to  achieve.  Two  common  sources  of  entangled  light,  are  based 
on  non-linear  optical  interaction  of  parametric  down  conversion  (PDC)  and  FWM  in  both 
spontaneous  (SPDC,  SFWM)  and  stimulated  regimes.  The  SPDC  process  is  commonly  used 
to  generate  entangled  photon  pairs.11  13  In  addition,  waveguide  SPDC  was  developed  to 
increase  the  rate  of  entangled  photon  pair  generation  (i.e.,  the  brightness).14,15  Nevertheless, 
SPDC  in  bulk  crystals  and  waveguides  is  limited  by  the  spectral  width  of  the  pump  source. 
Yet,  this  limitation  could  be  overcome  by  using  the  quasi-phase  matching,  birefringence,  and 
self-phase  or  cross-phase  modulation  features  of  the  material. 

Because  optical  fiber  is  well  suited  for  the  transmission  of  quantum  information,  the  progress 
of  photon  pair  generation  in  optical  fibers  by  FWM  has  gained  a  great  deal  of  attention.16  21 
However,  FWM  presents  a  high  probability  of  Raman  noise  contamination  of  the  idler  pho¬ 
ton  of  the  generated  pair  specifically  at  low  pump  power.  Fortunately,  optical  fibers  also  have 
a  third-order  nonlinearity  feature  for  self-phase  and  cross-phase  modulations.  These  modu¬ 
lation  effects  can  be  used  to  generate  2  specified  colors  (wavelengths)  of  entangled  photon 
pairs  at  a  high  rate. 

We  propose  a  polarization  entanglement  source  in  optical  fiber  at  telecommunication  wave¬ 
lengths  that  features  the  controllable  generation  of  specified  colors  (wavelengths)  of  entangled 
photon  pairs.22  In  particular,  this  proposed  experiment  builds  on  and  can  be  distinguished 
from  earlier  work  by  Fang,18  Li,19  and  Takesue21  by  our  use  of  increased  peak  pulse  power 
to  tune  the  phase  matching  conditions  in  the  optical  fiber.  This  tuning  ability  enables  the 
generation  of  entangled  photon  pairs  at  separated  (e.g.,  50- nm  separation  at  100- mW)  av¬ 
erage  pump  powers  that  will  help  mitigate  Raman  contamination  from  the  pump  into  the 
wavelengths  of  the  entangled  photon  pairs. 
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7.2  Experimental  Setup 


The  experimental  setup  for  the  color-controllable  polarized  entanglement  source  will  proba¬ 
bilistically  generate  polarization  entangled  photons  according  to  the  quantum  wavefunction: 


=  71 


\H),\H),+e2i*’\V),\V) 


(35) 


Here,  the  relative  phase  between  the  2  orthogonally  polarized  pump  pulses  is  given  by  op:  the 
horizontally  and  vertically  polarized  pulses  are  H  and  V.  As  usual,  s  represents  the  signal 
and  i  is  the  idler.  Appropriate  settings  of  <f>p  and  a  half-wave  plate  can  be  used  to  produce 
all  4  Bell  states  in  the  polarization  degree  of  freedom.19 


Pulsed  Laser 


Fig.  42  Schematic  of  the  proposed  experimental  setup  to  generate  color  controllable  signal  and  idler  photon 
pairs.  BS  is  a  50-50  beam  splitter  and  DM  is  a  dichroic  mirror  that  transmits  idler  photons  and  reflects  signal 
photons.  PM  is  polarization  maintaining  and  PBS  is  a  polarized  beam  splitter.  LLM  is  a  laser  line  mirror, 
which  is  used  to  remove  the  pump  photons.  V-  and  H-  represent  vertical  and  horizontal  polarization, 
respectively.  Also,  PZT  is  a  piezoelectric  transducer  driven  translation  stage  that  controls  the  delay  between 
V-polarized  and  H-polarized  pulses.  Later,  a  PM-delay  compensator  is  used  to  compensate  the  delay  to 
overlap  H-  and  V-  polarized  signal  and  idler  photons.  Two  quarter  wave  plates  (QWPs)  are  also  used  to  avoid 
reflection  back  into  the  laser. 


Figure  42  shows  a  schematic  of  the  proposed  experimental  setup  to  generate  signal  and  idler 
photon  pairs  in  an  optical  fiber.  A  pump  pulse  is  passed  to  a  Sagnac  loop  through  a  50-50 
beam  splitter.  The  Sagnac  loop  consists  of  a  non-polarization  maintaining  optical  fiber  with 
a  polarization  controller,  which  is  used  to  maintain  polarization  of  the  signal  and  idler  to 
be  the  same  as  that  of  the  pump.  The  FWM  process  occurs  in  the  Sagnac  loop  to  generate 
signal-idler  photon  pairs.  A  photon  pair  is  created  in  each  of  the  clockwise  and  counter¬ 
clockwise  propagating  Sagnac  loop  paths  with  equal  probability  producing  superposition 
and  interference.18 

In  the  experiment,  a  delay  of  a  few  picoseconds  (ps)  is  introduced  between  2  orthogonally 
polarized  pump  pulses  by  adjusting  the  mirror  mounted  on  a  piezoelectric-transducer  (PZT) 
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driven  translation  stage.  This  precisely  adjusts  the  relative  delay  (i.e. ,  phase  difference) 
between  the  2  orthogonally  polarized  pump  pulses.  When  the  H  and  V  temporal  indistin- 
guishability  is  restored  by  the  polarized-maintained  (PM)  delay  compensator  the  generated 
state  is  given  by  Eq.  35,  where  (f>p  is  the  relative  phase  between  the  states.  After  the  delay 
compensator,  the  generated  signal  and  idler  photons  in  the  Sagnac  loop  are  passed  through 
a  dichroic  mirror  to  separate  the  signal  and  idler  photons. 

In  a  FWM  process,  2  pump  photons  of  angular  frequencies  up  are  converted  to  2  daughter 
photons  at  angular  frequencies  cus  and  ay  in  a  third-order  nonlinear  optical  material,  such 
as  optical  fiber.  This  third-order  nonlinearity  generates  2  side  bands  (i.e.,  signal  and  idler 
beams).  During  this  process,  energy  is  conserved  and  the  phase- mismatch  A k  is  0.  Conditions 
for  the  co-polarized  (i.e.,  pump,  signal  and  idler  have  the  same  polarization)  case  are1'’23 

2c op  =  cus  +  cui  (36) 

Ak  =  2—n(ojp) - -n(ojs) - -nioji)  —  (37) 

where  s  and  /  refer  to  the  signal  and  idler  photons,  respectively;  7  is  the  nonlinear  parameter 
of  the  fiber;  Pp  is  the  pump  peak  power;  and  n(oj)  is  the  refractive  index  at  angular  frequency 
Uj.  At  high  pump  peak  power,  the  self-  or  cross-phase  modulation  term  (a  self/cross-phase 
modulation  contribution  comes  from  the  2  pumps  each  with  peak  power  Pp),  7 Pp:  can  control 
the  phase-matching  where  7  =  —  - --- -  =  x27r4w) - ,  n2  is  nonlinear  index  of  the  material  and 

A p  is  center  wavelength  of  the  pump.  The  terms  n.  Aeff  and  \A3  i  are  average  refractive  index, 
effective  mode  area  and  third-order  susceptibility  of  the  nonlinear  fiber  medium,  respectively. 

7.3  Analysis  of  Entangled  Photons  Generated,  Color  Controllability,  and  Noise 
Coincidences 

7.3.1  Raman  Noise 

Now  a  laser  with  a  1560-nm  emission  wavelength,  average  power  of  100-mW,  repetition  rate 
of  73.4  MHz,  and  a  pulse  duration  of  150  fs  is  considered  as  the  pump  to  generate  signal 
and  idler  beams  in  an  optical  fiber.  Here  pump,  signal,  and  idler  are  considered  as  being  in 
an  extraordinary  polarized  state.  Using  Eq.  36,  Eq.  37,  and  Sellmeier’s  equations,24  Fig.  43 
shows  the  phase  matching  for  the  1560-nm  pump  having  100-mW  average  power.  From  Fig. 
43,  we  can  see  that  phase  matching  occurs  at  a  signal  wavelength  of  1532  nm  at  an  average 
power  of  100  mW,  where  the  corresponding  idler  wavelength  would  be  1589  nm.  Similarly, 
the  occurrence  of  phase  matching  for  other  average  pump  powers  of  200  and  300  mW  are 
shown  in  Fig.  43  and  illustrate  how  phase  matching  would  shift  with  average  pump  power. 
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Figure  44  displays  the  variation  of  the  signal  and  idler  wavelengths  with  the  pump  power. 
Again,  we  can  see  that  as  the  pump  power  increases,  both  wavelengths  of  signal  and  idler 
photons  move  away  from  that  of  the  pump  photons.  At  low  power,  the  wavelength  of  the 
signal  and  idler  photons  are  very  close  to  that  of  the  pump. 


x  10 


Fig.  43  Phase  matching  for  a  1560-nm  pump  for  3  average  pump  powers 


For  a  1560-nm  pump,  stimulated  Raman  scattering  would  bring  about  a  red-shift  of  approx¬ 
imately  100  nm.25  As  a  result,  the  generated  idler  photons  would  have  a  high  probability 
of  Raman  contamination.  In  general,  for  stimulated  Raman  contamination  to  occur  a  mini¬ 
mum  pump  power  called  the  threshold  pump  power  is  needed.  The  Raman  threshold  pump 
can  be  defined  as26  Pth  —  >  where  Aeff  =  76.94pm2  is  the  mode  area  of  the  fiber  and 

gn  =  6.34x  10~12  is  the  Raman  gain  in  cm/W.25  At  1560  nm,  Leff  =  22  km.  Thus,  the  Raman 
threshold  would  be  882  mW.  In  this  case,  the  fiber  length  (L)  is  20  cm,  which  is  much  smaller 
than  Leff  =  22  km,  and  the  threshold  power  can  be  rewritten  as  Ptj,  ~  =  -A kW . 

In  addition,  the  1560-nm  pump  has  a  150-fs  pulse  duration,  a  73.4-MHz  repetition  rate, 
and  a  100-mW  average  power  to  generate  entangled  photon  pairs  from  each  pulse.  These 
specifications  of  the  pump  equate  to  a  peak  power  of  9.08  kW,  which  is  much  smaller  than  the 
Raman  threshold  power.  Hence,  in  this  implementation,  there  would  be  negligible  probability 
of  contamination  due  to  stimulated  Raman  scattering. 
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Fig.  44  Wavelength  of  the  signal  and  idler  photons  as  a  function  of  average  pump  power 


Below  threshold  spontaneous  Raman  photons  are  still  generated.  The  probability  or  number 
of  Raman  (either  Stokes  or  anti-Stokes)  photons  per  pump  pulse  is  calculated  as27,28 


R 


C 


PpLNup 


\9r\  au 

Aeff  ap 


(38) 


where 


N  = 

iy  up 


n  (Qup)  when  Qup  >  0 
n  (flup)  +  1  when  Qup  <  0 


n  (bljp) 


1 


exp 


and  (J.up  =  (-}u  —  Up.  ks  is  the  Boltzmann  constant,  T  is  a  temperature,  gR  is  the  Raman  gain, 
and  u  =  s,i.  Basically,  the  Stokes  photons  contaminates  the  idler  photon  where  the  signal  is 
contaminated  by  anti-Stokes  photons.  The  generation  of  Stokes  and  anti-Stokes  photons  are 
shown  in  Fig.  45.  Only  at  very  low  power  is  the  noise  due  to  Raman  photons  comparable 
to  photon  pairs.  As  the  power  increases,  the  noise  due  to  Raman  photons  is  negligible  in 
comparison  to  signal  and  idler  photons. 
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7.3.2  Coincidence  Generation 

The  quantum  state  of  signal  and  idler  pair  generated  via  FWM  at  the  output  of  fiber16  can 
be  calculated  through  a  perturbation  expansion29  as 

\i>)  =  \0}+gL^F(ks,ki)alal.\0)  +  (gL)2  ^  F(ks’ki’K,k'i)alAiaKal'i l°)+*“  (39) 

ks,ki  kS)ki^k,s)ki 


where 


F(ks,ki )  = 


L 


dz  exp 


—L 


iAkz  — 


Vi 


4<j2 

p 


(40) 


is  the  2-photon  spectral  amplitude30  and  F(ks,  ki,  k's ,  k[)  is  the  4-photon  spectral  ampli¬ 
tude.  Higher  order  terms  involving  multi-photon  states  are  relatively  small  and  therefore  can 
usually  be  neglected.16  Here  A  A;  is  phase- mismatching,  g  =  the  group  velocity 

dispersion  (GVD)  in  the  fiber  is  negligible,  ae  is  a  constant  determined  by  experimental 
conditions,  the  wavevector  k  =  Vq  is  the  quantization  volume,  ap  is  the  bandwidth 

of  the  pump,  cus  =  Qs  +  vs,  u>i  =  +  zz*  and  cup  =  Qp  +  vp,  where  H  and  v  are  the  center 

angular  frequencies  and  their  corresponding  detuning  frequencies,  respectively. 


Regarding  the  higher-order  terms  of  Eq.  39,  the  value  of  g  in  ordinary  silicon  fiber  is  \g\  = 
3.468  x  10~6  per  unit  length  (in  m)  of  fiber  for  a  pump  with  average  power  of  300  mW. 
In  20-cm  fiber,  the  value  \g\  L  is  6.936  x  10  ' .  The  values  of  the  higher  order  perturbation 
coefficients  in  the  quantum  state  shown  in  Eq.  39  are  proportional  to  (\g\  L)".  where  n=l,  2, 
3...  represent  1st,  2nd,  3rd  and  nth  order  perturbations.  Due  to  the  small  value  of  \g\  L.  higher 
orders  powers  can  be  safely  neglected. 

The  signal  photon  counting  probability  of  a  photon  in  each  pulse  is  given  by16 

pOO 

Sc=  /  dTMSHSj+V)  (41) 

Jo 

where  the  electric  field  operator  is 


=  E 

ks 


—iujst 


e 


(ws — ns)^ 
2^| 


(42) 


where  <js  is  the  bandwidth  of  the  signal  pulse,  ay  is  an  annihilation  operator  of  a  photon 
with  momentum  ks. 
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After  simplification  Eq.  41  at  perfect  phase- matching  condition,  A k  =  0,  becomes 


Sc  =  A(7PpT)2- 


(J-n 


(43) 


where  A  = 


a'iHV2V:^f '  Similarly,  the  idler  photon  counting  probability  of  a  photon  in  each 


pulse  can  be  calculated  as 


Ic  =  A  (yPp  L)2  — 


(Jn 


(44) 


where  cq  is  the  bandwidth  of  generated  idler  pulse. 


Here,  the  nonlinear  coefficient  of  the  refractive  index  is  ri2  =  3.4  x  10  20m2/lE.  For  a  1560- 
nm  optical  fiber,  Aeff  =  76.94  /im2  and  the  value  of  7  becomes  1.7904  x  10  <3/rmr]  14/~I .  The 
parameters  ae  and  Vq  are  given  by  ae  =  0.237  and  Vq  =  1.6  x  1016  m3.16  Equations  43  and 
44  show  that  the  number  of  signal  and  idler  photons  generated  from  a  pulse  increases  with 
the  pump  power.  This  result  is  shown  in  Fig.  45. 


Fig.  45  Number  of  generated  signal,  idler,  and  Raman  (Stokes  and  anti-Stokes  at  T=20  K)  photons  per 
pulse  as  a  function  of  the  average  pump  power 


The  probability  of  a  coincidence  from  each  pulse,  assuming  no  loss  and  100%  detection 


Approved  for  public  release;  distribution  unlimited 


67 


efficiency,  can  be  written  as16 


/•uu  /*UVJ 

CC=  /  <ff,  /  iT.1(ip\E[-) e[-] E^] 


(45) 


where  the  fields  at  the  output  fiber  measured  by  the  detector  1  and  detector  2  are  given  by 


e[+) 


E 


CLki^- 


(46) 


and 


E 


Clkn  & 


(47) 


Here,  trn  =  Tm  —  lm/c  is  the  time  at  the  output  tip  of  the  fiber  and  lm  is  the  optical  path 
length  from  output  tip  of  the  fiber  to  the  detectors,  m  =  1,2  and  Tm  is  the  registration  time 
at  mth  detector.  Now  the  integrand  in  Eq.  45  can  be  rewritten  as 


(v-|b!“)bP)bP,b!+)iv>>  =  koi4+)b<+V>i2 


(48) 


Since  (0|£«+,£«+)|V.>  oc  {Ola^a^apt  |8)>  this  (integrand)  term  only  exists  at  k ,  —  ks  and 
k2  =  ki  (see  Chen  et  al,16  p.  5).  Using  the  2-photon  state  in  Eq.  39  and  the  fields  defined  in 
Eqs.  46  and  47,  the  2-phot.on  amplitude,  Eq.  48  can  be  written  as 


(0|£4+).Ei+V) 


V  F(k„  xeE1 

4V«  tti 


(49) 


where  as  =  ar  is  considered  for  this  case. 


After  simplification,  the  probability  of  a  coincidence  from  each  pulse  (without  any  Raman 
noise)  (i.e.,  Eq.  45  at  the  condition  of  A k  =  0)  becomes 


CC  =  B^PpLf 


B(lPrLf 


(7  p 


1 


(50) 


where  B  = 


eff 


144  V, 


8/3 


Note  that  in  Eq.  50  the  CC  scale  quadrat.ically  with  the  pump  power 


Q 


through  the  term  (7 PpL ) 


2  16 


For  our  proposed  experiment,  the  phase  modulation  term  ~/Pp  plays  a  major  role  in  phase 
matching.  In  our  proposal,  the  colors  are  chosen  in  a  way  where  the  phase  introduced 
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by  this  modulation  term  is  mostly  compensated  such  that  the  phase  introduced  by  this 
term  would  be  much  less  than  |.  Then  this  introduced  phased  causes  pulse  broadening, 
which  means  all  pump,  signal,  and  idler  bandwidths  would  be  increasing  according  to  their 
wavelengths.28  The  ratios  of  the  bandwidths  of  idler  or  signal  and  pump  remain  the  same 
as  that  without  pulse  broadening.  Since  both  single  counts  and  coincidences  depend  on  the 
ratio  of  the  bandwidths  of  idler  or  signal  and  pump,  singles  counts  and  coincidences  would 
be  largely  unaffected  by  pulse  broadening.  Furthermore,  because  our  proposed  experiment 
would  use  a  short  (20  cm)  non-polarization  maintaining  fiber  to  generate  entangled  photons 
the  asymmetric  spectral  reshaping  of  the  type  measured  in  the  experiment  by  Fang  et  al.18 
would  be  avoided.  We  anticipate  insignificant  changes  caused  by  spectral  reshaping  to  the 
quality  of  entanglement  for  our  proposal. 

The  Raman  noise  also  contaminates  the  coincidence  counts,  where  the  observed  coincidence 
counts  ( CC0bs )  can  be  written  as 


CCobs  =  CC  +  CCacc  (51) 

and  the  accidental  coincidence  CCacc  can  be  written  as  CCacc  =  CCstAs  +  CCsst  +  CCiAs- 
CC st As  are  coincidences  between  Stokes  and  anti-Stokes  photons,  CCsst  the  coincidences 
between  signal  and  Stokes  photons,  and  CC,  ,\S  are  coincidences  between  idler  and  anti-Stokes 
photons.  At  higher  powers  as  shown  in  Fig.  46  the  predicted  coincidences  and  accidental 
coincidences  may  include  contributions  from  higher-order  correlated  or  entangled  photon 
states. 

The  dependence  of  Raman  noise  on  temperature  is  given  by  Eq.  38.  Cooling  the  Sagnac 
fiber  loop  components  is  one  method  that  can  be  used  to  reduce  the  number  of  accident 
coincidences  caused  by  Raman  noise  to  well  below  the  true  coincidence  counts  (Fig.  46). 
There  are  several  potential  options  to  cool  the  Sagnac  fiber  loop.  Using  a  helium-based 
cryostat  can  cool  from  1  to  5  K  while  hydrogen-based  or  closed-cycle  cryostats  can  cool  to 
20  K.  Tittel  et  al.31  were  successful  in  cooling  fibers  to  1  K. 


7.4  Conclusions 

In  conclusion,  our  analysis  indicates  that  polarization  entangled  photon  pairs  can  be  gener¬ 
ated  in  an  optical  fiber  by  a  FWM  process.  The  key  feature  of  this  entangled  photon  source 
is  the  controllable  generation  of  specified  signal  and  idler  colors  (wavelengths).  In  this  case, 
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Fig.  46  Assuming  no  loss  and  100%  detection  efficiency  the  number  of  generated  coincidences  in  each  pulse  is 
shown  as  a  function  of  the  average  pump  power.  Accidental  coincidences  are  shown  for  20  and  300  K  for 
comparison. 


the  color  (wavelength)  selections  may  be  accomplished  by  varying  the  pump  power.  Another 
important  quality  of  this  source  is  its  feature  of  very  low  Raman  noise  photon  pair  gener¬ 
ation.  These  kinds  of  color-controllable  entangled  photon  pairs  would  be  useful  in  certain 
applications  for  quantum  communications,  quantum  computing,  and  quantum  imaging.  In 
particular,  we  expect  that  this  single  spatial  mode  source  will  be  useful  for  fundamental  stud¬ 
ies  investigating  real-time  quantum  imaging  of  entanglement  such  as  by  extending  the  single 
wavelength  experiment  of  Fickler  et  al.32  to  include  the  controllable  generation  of  specified 
signal  and  idler  wavelength  entangled  photons. 
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8.  Study  on  Environmental  Effects  on  Polarized  Light  Fiber  Distribution 


Authors:  Ronald  Meyers,  Keith  Deacon,  Sanjit  Karmakar,  Arnold  Tunick 


8.1  Introduction 

This  section  analyzes  the  environmental  effects  on  the  transmission  of  polarized  light  through 
our  27-km  round  trip  optical  fibers  between  ARL  and  JQI.  Measurements  of  the  light  trans¬ 
mission  were  made  with  an  optical  time-domain  reflectometer  (OTDR)  at  1310  and  1550  nnr 
and  are  shown  in  Figs.  47  and  48.  Subsequently,  polarization  measurements  were  performed 
from  our  laboratory  using  a  setup  built  and  operated  by  SEDD.  Data  were  obtained  on 
the  ambient  temperature  in  the  area.  A  model  was  made  based  on  light  scattering  by  phase 
screens  to  assess  the  impact  that  ambient  temperature  would  have  on  the  polarization  change 
in  light  transiting  the  27-km  fiber  loop.  The  model  and  results  are  given  below.  The  analysis 
clearly  shows  that  a  few  degrees  of  temperature  variation  can  cause  the  effects  on  observed 
polarization  change.  In  addition,  to  allow  for  future  joint  experiments  we  implemented  a 
CISD  to  SEDD  quantum  channel,  6-strand  fiber  link  (300  m)  as  depicted  in  Figs.  49,  50  and 
51. 


|l  31  O  rim  | 

o 

1_ 

-G 

J>]  n 

-12 

— — - — -A 

i 

O  1  OK  20  K  30  K 

Meters  (m) 

Fig.  47  The  1310-nm,  6  dB  loss,  1-way  (-14  dB,  roundtrip)  ARL-JQI 
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Fig.  48  The  1550-nm,  4  dB  loss,  1-way  (-12  dB,  roundtrip)  ARL-JQI 
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Fig.  49  Six-strand  fiber  link  enables  quantum  communications  experiments  between  CISD  and  SEDD  labs 


Fig.  50  A  5-ns  pulse  OTDR,  1310-nm,  0.03  db  loss,  and  1510  nm,  0.06  db  loss 


8.2  Background  on  Environment  Effects  on  the  Polarization  over  a  Fiber 

Ambient  temperature  and  light  can  affect  the  transmission  of  quantum  information  over  fiber 
and  free-space  paths.  The  transmission  of  quantum  information,  unlike  the  transmission  of 
classical  information,  involves  relatively  few  photons  so  their  absorption  or  transformation 
can  cause  significant  adverse  effects.  In  this  study,  we  analyze  the  potential  for  temperature 
to  impact  transmission  of  polarized  light-  over  a  multi-kilometer  path. 

Long-distance  entanglement  distribution  over  free-space  has  been  demonstrated  at  night  to 
avoid  the  daytime  background  light-  from  the  sun. 1-5  By  using  spectral,  spatial,  and  temporal 
filtering  techniques,  Peloso  et  al.6  were  able  to  produce  distant  entanglement  distribution  over 
several  days  under  varying  light  and  weather  conditions. 

When  optical  fiber  is  used  as  a  quantum  channel  to  transmit  quantum  information,  back¬ 
ground  noise  due  to  daylight-  is  not  typically  a  problem,  although  it  is  important  to  use 
the  appropriate  fiber-optic  cables  for  outdoor  transmission.  It  has  been  reported  that  the 
Japanese  fiber-optic  network,  which  runs  partially  over  ground  is  susceptible  to  daylight 
degradation  of  their  quantum  signal  due  to  sunlight-  penetration  through  the  fiber.  Nev¬ 
ertheless,  to  avoid  background  noise,  outdoor  fiber-optic  cables  are  often  jacketed  with  a 
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Fig.  51  A  10/iS  pulse  OTDR  1310-nm,  0.04-dB  loss,  and  1510-nm,  0.04-dB  loss 


polyethylene  black  color  jacket.  Polyethylene  has  excellent  moisture  and  weather  resistance 
features  and  the  black  color  helps  to  reduce  the  background  noise  to  low  levels. 

Cohen  et.  al.7  has  studied  the  effects  of  changes  in  temperature  in  the  environment  on  fiber¬ 
optic  cables  with  variations  from  —40  to  67  °C.  They  found  that  the  loss  in  light  transmission 
through  optical  fiber  does  not  change  significantly  due  to  changes  in  temperature  in  the 
environment  and  also  the  dispersion  in  lower  bit  rate  transmission  is  not  significantly  affected 
by  temperature  changes. 7-10 

Yet,  when  the  transmission  through  optical  fiber  occurs  only  in  the  laboratory,  the  rate 
of  change  of  temperature  is  low.  As  a  result,  the  transmission  of  quantum  properties  in 
optical  fiber  in  the  laboratory  is  not  greatly  affected.  But  when  the  transmission  of  quantum 
properties  takes  place  in  optical  fiber  that  is  affected  by  the  outdoor  environment  (i.e. ,  where 
the  temperature  changes  can  be  significant),  then  the  information  carried  by  the  photons 
can  lose  its  quantum  properties  easily  during  propagation,  for  example,  its  polarization 
properties.  In  this  section,  we  report  on  the  effect  on  the  polarization  property  of  photons 
in  fiber  due  to  the  change  of  temperature  in  environment. 


8.3  Environmental  Effect  on  State  of  Polarization 

Let  us  consider  an  electromagnetic  wave  with  field  intensity  vector  E  that  propagates  in  the 
direction  of  z  axis.  This  field  intensity  vector  can  be  represented  by  2  orthogonal  field  Ex 
and  Ey  as 

E  =  Ex  +  Ey  (52) 

where  xyz  is  an  orthogonal  coordinate  system.  The  field  intensities  Ex  and  Ey  are  defined 
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by 


Ex  =  E0x  cos(kz  —  cut  +  4>x)  (53) 

Ey  =  E0y  C0s(kz  —  LUt  +  (j)y )  (54) 

where  E0x  and  E0y  are  wave  amplitudes,  cu  is  the  angular  frequency,  k  is  the  magnitude  of 
wavevector,  t  is  the  time,  and  ox  and  4>y  are  the  phases  of  the  wave.  Now  we  consider  a 
linearly  polarized  wave  as  an  initial  state  where  Eqx  =  Eqv  and  (f>  =  <f>x  —  (/>y  =  0. 


Due  to  imperfections  in  optical  fibers,  2  polarizations  will  travel  at  different  speeds.  These 
imperfections  causes  birefringence  (i.e.,  introduces  additional  phase  changes  in  polarization 
modes).  This  additional  phase  change  determines  output  state  of  the  polarization.11  13  Ba¬ 
sically,  these  imperfections  are  categorized  as  1)  imperfection  due  to  slightly  elliptical  core 
and  2)  imperfection  due  to  asymmetry  in  thermal  stress. 


The  birefringence  due  to  elliptical  core  is  defined  as 


14,15 


Be  = 


e2(25)3/2  4  (Zny) 3 

r  P3  1  +  InV 


(55) 


where  S  =  ncore  —  nciadding  is  the  difference  of  refractive  between  core  and  cladding,  r  is 
the  radius  of  the  fiber  core,  and  e  is  the  ellipticity  that  is  defined  as  e2  =  1  —  1  with  a 
and  b  are  the  semi-major  and  semi-minor  axes  of  the  ellipse.  The  parameter  V  is  defined  as 
V  =  ko  r  n%ore  —  ^iadding  with  ko  =  ^  is  the  free-space  propagation  constant. 


16 


The  change  of  temperature  also  causes  birefringence  in  the  fiber  and  this  can  be  expressed 

as14-15 


Bt  —  ki\ 


i-l 


2  -I  r 


1  n  AaAT  a  —  b 


—  Tin 


{Pn  -P12) 


(56) 


V2J  12  1  1  -  v2  ci  +  b 

where  pn  and  pn  are  the  components  of  the  strain-optical  tensor  of  the  fiber  material,  v 
is  the  Poisson’s  ratio  of  the  fiber  core,  A  a  is  the  difference  of  coefficients  of  the  thermal 
expansion  in  the  core  and  cladding  of  the  fiber,  AT  is  the  temperature  difference  of  the  glass 
softening  temperature  and  the  environmental  temperature,  and  U  =  r  \J kln2ore  —  /3q  with 
3q  is  the  propagation  with  circular  core.  The  temperature  dependent  refractive  index  nT  of 
fiber  is  given  by 

nT  =  nR  +  (T  —  R)  (57) 

where  R  and  T  represent  room  temperature  and  environmental  temperature,  respectively. 
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is  the  thermo-optic  coefficient  of  the  fiber  material.  The  total  birefringence  is  given  by 

B  =  Be  -\-  Bj'  (58) 

and  the  introduced  phase  difference  due  to  birefringence  is 

cj)  =  B  L  (59) 


where  L  is  length  of  the  fiber. 

The  variation  of  total  birefringence  with  temperature  is  shown  in  Fig.  52.  For  this  case,  the 
values  of  parameters  are  Act  =  3.5  x  1CT7  °C~1,  AT  =  (T  — 1065)  °C,  v  =  0.166,  pu  =  0.126, 
P12  =  0.26,  r  =  4.1  pm,  e  =  0.2,  nciadding  =  1.44402,  ncore  =  1.44924,  A0  =  1.324pm, 
(Sn/ST)  =  lO-50^-1  and  U  «  V. 


Fig.  52  Variation  of  birefringence  in  fiber  with  an  environmental  change  of  temperature 


Since  the  environmental  effect  on  an  optical  fiber  causes  random  changes  in  birefringence,  it 
is  reasonable  to  treat  it  as  a  randomly  rotating  wave-plate.  The  randomly  rotating  wave-plate 
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is  represented  by  a  Mueller  matrix16  and  it  is  given  below  as 


M  = 


1  0  0 

0  cos2  29  +  sin2  29  cos  (j)  cos  26  sin  20(1  —  cos  fa 
0  cos  26  sin  20(1  —  cos  fa  sin2  20  +  cos2  20  cos  (j) 
0  —  sin  20  sin  (j)  cos  26  sin  (j) 


0 

sin  26  sin  (j) 

—  cos  26  sin  (j) 

COS  (j) 


(60) 


where  6  is  the  angle  between  fast  axis  and  the  horizontal  axis  of  the  reference  system  and  (j) 
is  the  total  phase  shift  between  2  polarization  mode.  Let  us  now  consider  the  case  of  a  fast 
axis  as  the  horizontal  axis  (i.e. ,  0  =  0),  then  the  Muller  matrix  becomes 


M  = 


10  0  0 

0  10  0 

0  0  cos  (j)  —  sin  (j) 

0  0  sin  cj)  cos  </> 


(61) 


The  polarization  of  light  in  a  system  is  expressed  as 


S0  =  M  Si 


(62) 


where  ,S'0  and  S,  are  the  input  and  output  stokes  vectors  determined  the  input  and  out  states 
of  polarizations,  respectively.  Consider  the  input  state  as  linearly  polarized  with  an  angle  of 
45°.  Then  the  stokes  parameter  for  input  case  is  given  by 


(  1 

0 

1 

v° 


(63) 


Now  we  consider  the  fiber  is  divided  into  N  number  of  wave-plate  with  contributing  the 

phase-difference  of  fa,  fa,  fa, . ,cj)N.  Then  the  output  stokes  vector  after  1  wave-plate 

becomes 

/  1  \ 

0 

cos  fa 

\  sin  fa  J 

This  output  Stokes  vector  is  the  input  vector  for  the  second  wave-plate.  Now  the  output 


501  = 


(64) 
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Stokes  vector  after  the  second  wave-plate  is 

1 
0 

cos  (0i  +  <j)2) 

sin(0i  +  02) 

similarly,  it  is  calculated  that  the  output  Stokes  vector  after  the  N  th  wave-plate  is 

1 
0 

COs(0i  +  02  +  •••  +  0jv) 
sin  (01  +  02  +  ...  +  0tv) 

Now  one  can  say  that  the  angle  between  the  input  and  output  states  of  polarization  (a)  is 

cosa  =  cos (0i  +  02  +  •••  +  0jv),  that  is, 

a  =  01  +  02  +  ...  +  0jv-  (67) 

A  communication  system  connected  through  single  mode  fiber  is  considered  where  the  dis¬ 
tance  between  departure  station  and  receiver  station  is  26  km.  Here  we  divide  this  distance 
into  5  sections:  1)  the  fiber  inside  the  departure  station,  2)  the  room  in  a  different  tempera¬ 
ture,  3)  the  fiber  in  outdoor  ambient  temperature,  4)  the  room  in  different  temperature,  and 
5)  the  fiber  inside  the  receiver  station.  Each  section  consists  of  several  numbers  of  randomly 
rotating  wave-plates.  The  outdoor  temperature  variations  during  this  experiment  are  shown 
in  Fig.  53. 


The  temperature  inside  both  the  departure  and  receiver  stations  are  almost  constant.  But 
the  outdoor  temperatures  change  with  time.  In  Fig.  52,  it  is  shown  that  the  birefringence 
decreases  by  an  amount  of  0.0035/m  with  an  increment  of  temperature  of  1  °C.  When  we 
consider  several  numbers  of  wave-plates,  the  calculated  total  change  of  the  phase  difference 
between  2  polarization  modes  (using  Eq.  59)  and  Eq.  67  can  explain  the  measured  result 
shown  in  Fig.  54. 
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Fig.  53  Ambient  temperature  variation  as  function  of  time  in  hours 


Fig.  54  Measured  output  polarization  angle  at  the  end  of  a  fiber  as  function  of  time  in  hours 


Because  the  temperature  inside  the  departure  and  receiver  stations  and  rooms  at  different 
temperatures  do  not  vary  with  time,  we  only  consider  the  temperature  variations  of  the  out¬ 
door  fiber-optic  cable.  Let  us  consider  the  outdoor  cable  is  25  km,  where  it  is  a  combination 
of  1000  parts  (i.e.,  N  =  1000  and  each  part  has  a  length  of  25  m).  Even  though  the  outdoor 
cable  is  underground,  there  is  still  a  slow  temperature  variation  with  time  and  position.  Due 
to  temperature  variations  in  position,  each  25-m  part  contributes  a  phase  retardation  either 
positively  or  negatively.  Because  of  a  large  number  of  wave-plates,  there  is  a  high  chance 
of  total  positive  phase  contribution  canceling  with  total  negative  phase  contribution.  Alter¬ 
nately,  there  is  a  chance  that  they  do  not  completely  cancel  with  each  other.  Hence,  this  will 
contribute  to  a  phase  retardation  which  depends  on  the  temperature  variation  with  time, 
which  will  degrade  the  quality  of  the  propagation  of  polarized  light  in  the  optical  fiber.  This 
result  is  shown  in  Table  5. 
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Fig.  55  Theoretical  output  polarization  angle  at  the  end  of  a  fiber  as  function  of  time  in  hours 


Table  5.  Quality  of  the  propagation  of  polarized  light  in  the  optical  fiber 


Time  (h) 


Temperature  Variation 


Phase 


contribution(deg ) 


0 

45 

-10 

35 

-20 

25 

-10 

35 

0 

45 

-10 

35 

-20 

25 

-10 

35 

0 

45 

-10 

35 

-20 

25 

-30 

15 

-40 

5 

-30 

15 

-20 

25 

Polarization 
angle  (deg) 


0-7 

8.5 

10-16 

17 

18 

19 

20 
21 
22 

23.5 

25.5 
28 
34 
40 

42.5 


500  parts  AT'=+1°C 


500  parts 

501  parts 


A  T'  = 
A  T'= 


-1  °C 
■- +1°C 


499  parts 
502  parts 


A  T'  = 
A  T'= 


—  1  °C 
-+1°C 


498  parts 
501  parts 


AT - 
A  T'  = 


-1  °C 
:  +  l  °C 


499  parts 

500  parts 


A  T'  = 
AT'= 


-1  °C 
:  +  l  °C 


500  parts 

501  parts 


A  T'  = 
AT': 


-1  °C 
:+l  °C 


499  parts 
502  parts 


AT': 

AT'= 


-1  °c 

:  +  l  °C 


498  parts 
501  parts 


AT': 
AT'  = 


-1  °c 

:  +  l  °C 


499  parts 

500  parts 


AT': 

AT'= 


-1°C 
:  +  l°C 


500  parts 

501  parts 


AT': 

AT': 


-10C 

■+ 1°  c 


499  parts 
502  parts 


A  T'  = 
AT'= 


-1°C 

:+l°C 


498  parts 
503  parts 


AT': 
AT'  = 


-1°C 

:  +  l°C 


497  parts 
502  parts 


AT': 

AT': 


-10C 
:  +  l°C 


498  parts 
501  parts 


AT': 

AT': 


-1°C 
:  +  3°C 


499  parts 
501  parts 


AT': 
AT'  = 


-3°C 
:  +  2°C 


499  parts  ATI=-2°C 
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Considering  this  model  and  using  Eqs.  (59)  and  (67),  the  variation  of  the  polarization  angle 
with  time  at  the  output  end  of  fiber  is  shown  in  Fig.  55.  This  predicted  result  agrees  well 
with  the  experimental  results  shown  in  Fig.  54. 


8.4  Conclusion 

The  main  problem  addressed  in  this  section  with  regard  to  keeping  the  state  of  polariza¬ 
tion  of  the  input  state  the  same  as  the  state  at  the  output  of  the  fiber  is  the  temperature 
fluctuation,  even  though  the  fluctuations  are  small.  Since  the  outdoor  fiber  is  underground, 
temperature  variations  in  the  fiber  are  slower  in  comparison  with  the  environmental  outdoor 
temperature  changes.  Yet,  small  temperature  changes  are  enough  to  significantly  affect  the 
polarization  property  of  the  propagating  photons.  Basically,  the  temperature  fluctuations 
cause  birefringence  in  the  optical  fiber,  which  results  in  a  phase  difference  between  two  po¬ 
larization  modes.  This  degrades  the  state  of  output  polarization  and  also  makes  the  quantum 
state  of  the  photon  unstable. 

Figure  54  shows  the  measured  experimental  result  of  the  output  state  of  polarization  after 
propagating  26  km  through  optical  fiber  as  function  of  the  time  of  day.  In  contrast,  the 
predicted  theoretical  result  of  the  output  state  of  polarization  for  the  same  experimental 
conditions  as  function  of  the  time  of  day  is  shown  in  Fig.  55.  Both  of  these  results  agree 
well  with  each  other.  Now  one  can  say  that  the  angle  between  the  input  and  output  states 
of  polarization  (a)  is  cos  (a)  =  cos^i  +  (j) 2  +  ...  +  </>tv),  that  is, 


ol  —  01  T  02  +  •••  +  4>n- 


(68) 
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9.  SEDD 


Authors  and  Major  Contributors:  Daniel  Stack,  Patricia  Lee,  Qudsia  Quraishi 

This  section  describes  some  of  the  progress  of  the  QNET-AP  DSI  project  conducted  primarily 
by  the  SEDD  quantum  team.  In  the  following  we  describe  research  toward  1)  building  the 
atomic  memory  and  2)  testing  the  polarization  stability  of  the  ARL  to  JQI  to  ARL  fiber¬ 
optic  line,  which  will  be  used  to  carry  the  photon  "flying  qbits"  that  will  entangle  the  distant 
atomic  memories.  Schematics  of  the  atom  trap  and  QNET-AP  setup  are  shown  in  Figs.  56 
and  57.  The  research  also  includes  development  of  a  photon  frequency  filter  for  the  atomic 
memory  that  will  help  exclude  photons  at  the  wrong  frequencies. 


Fig.  56  Atom  trap  schematic 
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9.1  Primary  Components  and  Tasks 


The  key  components  that  need  to  considered  are  the  fiber  connection  between  ARL  and  JQI 
and  the  distant  atomic  memories  that  can  be  entangled  with  photons.  The  atomic  memories 
using  Rb  read  and  write  photons  in  the  795-nm  range.  However,  these  would  be  absorbed 
by  the  fiber-optic  line  before  traveling  the  13.5  km  needed.  Our  strategy  is  to  convert  single 
photons  from  795  nm  to  telecom  wavelengths  at  1324  nm  that  are  not  readily  absorbed  by 
the  optical  fiber.  Since  ARL/ JQI  fiber  already  in  place,  we  began  by  testing  the  polarization 
change  of  photons  from  a  1324-nm  laser  going  27  km  over  the  round  trip.  We  also  built  a 
laser-cooled  atomic  quantum  system.  To  verify  the  non-classical  properties  of  the  quantum 
memory,  we  demonstrated  quantum  correlations  of  photons  emitted  by  laser-cooled  atoms. 


9.1.1  Measurement  of  ARL/JQI  Fiber  Polarization  Stability 

SEDD  designed  an  experiment  to  measure  the  polarization  stability  of  light  propagating  the 
27-km  fiber  loop  shown  in  Fig.  8  in  Section  5.  The  experimental  design  used  a  1324-nm  laser 
with  beam  splitters  and  wave-plates  to  measure  the  polarization  drift  as  shown  in  Fig.  58.  A 
short  time  sample  of  the  measured  data  is  presented  in  Fig.  59.  Even  on  short  time  scales, 
roughly  3  min,  the  polarization  variability  can  be  10°  of  polarization  or  larger.  A  longer  (24  h) 
sample  of  the  data  is  shown  in  Fig.  60.  It  is  important  to  note  that  there  are  large  variations 
of  the  polarization  over  time  scales  of  hours  in  these  data.  In  summary,  the  polarization 
stability  was  measured,  and  it  was  determined  that  it  could  be  made  sufficiently  stable  with 
feedback  control.  The  project  is  currently  working  to  establish  this  feedback  control. 


ARL-»JQI  -»  ARL 
26  km  fiber  link 

detector  waveplate 


beam  fiber 
splitter  coupler 


Fig.  58  Polarization  stability  experimental  layout 
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Fig.  59  Measurements  Day  2 
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Fig.  60  Approximately  24  h  of  polarization  measurements 


9.2  Progress  Toward  a  Quantum  Memory 

The  quantum  memory  that  is  under  development  at  ARL  for  the  QNET-AP  DSI1  uses  cold 
s7Rb  in  a  MOT  as  the  fundamental  component  for  the  quantum  memory.  The  choice  of 
s7Rb  was  due  to  the  relatively  long  coherence  time.  An  image  of  the  atomic  memory  in  our 
laboratory  with  the  atomic  ensemble  operating  in  the  MOT  is  shown  in  Fig.  61 

A  MOT  of  87Rb  atoms  produces  an  optically  thick  atomic  ensemble  for  our  experiment.  The 
vacuum  system  is  the  Cold  Quanta  miniMOT™  consisting  of  a  vapor  cell,  Rb  getter,  ion 
pump,  and  a  set  of  current  carrying  coils  in  anti-Helmholtz  configuration.  The  coils  produce  a 
quadrupole  magnetic  field  at  the  center  of  vapor  cell  with  a  gradient  of  10  Gc^sj[  ■  Three  sets  of 
current  carrying  coils  in  Helmholtz  configuration  are  mounted  on  the  system  to  compensate 
for  ambient,  bias  magnetic  fields. 

The  cooling  and  repump  laser  light  required  for  the  MOT  are  provided  by  Toptica  TA  Pro 
and  Vortex  II  laser  systems,  respectively.  Approximately  80  mW  of  cooling  light,  detuned 
18  MHz  below  the  5Si/2  F  =  2  — >  5P3/2  F  =  3  transition  in  87Rb,  and  5  mW  of  repump 
light,  on  resonance  with  the  5Si/2  F  =  1— ►  5P3/2  F  =  2  transition,  are  delivered  collinearly  to 
the  miniMOT™  system.  Three  orthogonal  beams  of  circularly  polarized  light  are  produced 

87 
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Fig.  61  MOT  setup 


via  mirrors,  polarizing  beamsplitters,  A/2,  and  A/4  waveplates.  Each  beam  is  retro-reflected 
and  has  its  polarization  flipped  once  passing  through  the  vapor  cell  by  a  compound  mirror 
consisting  of  a  highly  reflecting  mirror  and  quarter-wave  plate.  This  configuration  of  optical 
fields,  along  with  the  quadrupole  magnetic  field,  produces  a  velocity  damping,  spatially 
trapping  system  that  can  produce  very  cold,  very  dense  ensembles.  Loading  from  a  room- 
temperature  Rb  vapor,  a  cloud  of  ~1.8  x  108  87Rb  atoms  at  a  temperature  of  ~100  /jK  is 
produced  in  roughly  5  s  (Fig.  62). 


Fig.  62  QNET-AP  87Rb  cold  atom  memory  operation  shown  by  light  emitted  at  MOT  center 
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9.2.1  Quantum  Memory  Operation 

The  hyperfine  ground  state  levels  of  87Rb  (5Si/2,  F„j,  =  1,2)  serve  as  the  initial  (| b))  and 
storage  (|a))  states  of  the  quantum  memory.  The  5Pi/2,  F  =  2  (5P3/2,  F  =  2)  state  is  the 
excited  state  c)  (\d))  in  the  write  (read)  procedure.  A  MOT  of  ~108  Rb  atoms  is  formed 
in  5  s.  Then  the  quadrupole  magnetic  field  is  turned  off,  the  cooling  light  2  ms  later,  and 
the  repump  light  2  fxs  after  that,  leaving  all  of  the  atoms  in  the  5Si/2,  F  —  2  ground  state. 
A  sequence  of  1,000  trials  with  duration  ~1  fx s  is  performed  as  follows:  a  weak  write  pulse, 
tuned  20  MHz  below  the  transition,  is  shone  on  the  atomic  ensemble  (Figs.  63  and  64). 


standard  (weak)  laser 
light,  1  pW 

Write  {0  )  laser-cooled  atoms 

Jll 


emitted  single  photon 


emitted^ 


emitted  single  photon 


Fig.  63  Graphical  representation  of  a  typical  cold  atom  close  atomic  memory 


For  a  low  enough  excitation  probability  (10~3-10“4),  a  photon  detection  in  the  signal  arm 
heralds  the  transfer  of  1  atom  from  F  =  2  to  the  F  =  1  ground  state.  The  polarization  of 
the  generated  single  photon  is  orthogonal  to  the  write  pulse. 

When  the  weak  laser  light  (1  /iW)  excites  the  laser-cooled  atoms,  the  state  of  the  atomic 
system  can  be  described  by  Fig.  65.  Because  it  is  unknown  which  atom  is  excited,  collective 
interference  will  lead  the  ensemble  to  emit  1  photon. 

After  a  hold  time  of  300  ns,  a  strong,  resonant  read  pulse  of  duration  500  ns  interacts  with 
the  ensemble,  producing  a  photon  in  the  idler  arm  that  is  then  detected  by  a  silicon  avalanche 
photodiode  (APD).  The  idler  photon  has  a  polarization  orthogonal  to  the  read  pulse  (Fig.  64). 
The  APD  signals  are  sent  to  a  time-interval  analyzer  to  measure  the  time  intervals  between 
detections  in  the  signal  and  idler  arms.  The  experimental  layout  to  measure  the  single  photon 
emission  from  the  atomic  memory  is  shown  in  Fig.  66.  D1  would  measure  the  photon  emitted 
when  the  memory  has  a  "write"  operation  performed  on  it.  Detectors  D2  and  D3  measure 
the  photon  emitted  after  a  "read"  operation.  The  strength  of  the  correlations  between  the 
photon-pairs  generated  by  the  atomic  ensemble  can  be  measured  by  the  normalized  intensity 
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step  2:  read  photon 


step  1:  write  photon 


'CLICK' 


Fig.  64  Write-read  single  photon  measurement  setup 


'P  =|  1,0, 0,0...  >  + 1 0,1, 0,0...  >  + 1 0,0, 1,0...  >  +... 


Fig.  65  State  of  ensemble  atomic  memory 


cross-correlation  function, 

(2)  Pi,s 

g)  ’  =  — 

PiPs 

where  p^s  is  the  probability  to  detect  a  photon  pair  and  pips  are  the  probabilities  to  detect  a 
photon  in  the  idler  and  signal  arms,  respectively.  A  measurement  of  g\  ‘  >  2  implies  that  the 
correlations  are  nonclassical  in  nature.  As  shown  in  Fig.  67,  the  experimental  data  indicate 
that  the  quantum  memory  with  write-read  is  operating  in  a  quantum  regime.  Figure  68  pro¬ 
vides  further  analysis  of  the  measured  photon  counts  from  read- write  experiments  performed 
on  the  SEDD  atomic  memory.  Delayed  coincidence  measurements  between  detectors  D1-D2 
and  D1-D3  are  indicative  of  a  successful  write-read  operation.  The  insignificant  number  of 
D1-D2-D3  coincidences  is  indicative  that  the  memory  is  emitting  only  a  single  photon  for 
the  write  operation  and  the  read  operation.  Additionally,  the  estimated  entanglement  rate 
calculation  for  the  SEDD  atomic  memory  is  presented  in  Fig.  69 
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Fig.  66  Setup  for  single  photon  determination 
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Fig.  67  These  data  demonstrate  temporal  quantum  entanglement  between  write  and  read  photons 


9.2.2  Summary 

In  summary,  we  successfully  trapped  cold  87Rb  atoms  in  a  MOT  (Fig.  62),  a  system  that  is 
suitable  for  quantum  memory  and  quantum  frequency  conversion  via  FWM.  The  13.5-km 
distance  from  ARL  to  JQI  requires  the  coherence  of  the  quantum  memory  to  be  at  least  45 
/r s,  which  a  cloud  of  87Rb  atoms  in  a  MOT  should  be  able  to  achieve  (~100-/is  coherence 
time).  The  write  step  was  accomplished  through  an  off- resonant  Raman  process,  for  which 
we  had  the  laser  and  the  optoelectronics  to  control,  and  the  read  step  was  accomplished 
through  resonant  scattering.  We  achieved  initial  implementation  of  hardware  and  software 
for  controlling  the  lasers  and  electronics  for  the  memory  read/ write  processes.1 

Progress  needs  to  be  made  improving  the  memory  lifetime  (less  than  1  /is),  readout  efficiency 
(~2%),  and  increasing  the  single  photon  generation  rate  (~1  kHz)  to  make  the  implementation 
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we  are  looking  for  counts  here, 
the  more  the  better 


note:  problem,  we  have  little 
statistics... to  far 
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Fig.  68  Experimental  results  showing  quantum  corelated  single  photons 
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Fig.  69  Entanglement  rate  calculation  for  atomic  memory 


of  a  quantum  repeater  practical.  The  memory  lifetime  can  be  extended  to  greater  than  1  s  by 
optically  pumping  the  atoms  into  a  clock  state  and  trapping  them  in  an  optical  lattice.  The 
readout  efficiency  can  be  increased  to  greater  than  90%  by  increasing  the  optical  depth  of 
the  atomic  ensemble.  Rydberg  atoms  are  a  promising  platform  for  increasing  the  generation 
of  entangled  photons  to  nearly  1  MHz.  Rydberg  atoms  are  very  good  single  photon  sources 
due  to  the  Rydberg  blockade,  which  prevents  multiple  excitations  within  the  Rydberg  radius. 
The  inclusion  of  these  techniques  should  allow  the  practical  implementation  of  a  quantum 
repeater  in  a  quantum  communication  network.1 
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9.3  Filtering  for  Cold  Atom  Quantum  Memories 


To  mitigate  some  extraneous  noise  photon  measurements  from  the  quantum  memory  SEDD 
developed  and  experimentally  tested  the  use  of  a  85Rb  vapor  cell  to  attenuate  pump  laser 
photons  and  spontaneous  emissions  from  the  cold  87Rb  quantum  memory.  A  paper  with 
the  results  from  these  experiments  by  Daniel  Stack,  Patricia  Lee,  and  Qudsia  Quraishi  titled 
“A  Simple  and  Efficient  Absorption  Filter  for  Single  Photons  from  a  Cold  Atom  Quantum 
Memory,”  was  published  in  Optics  Express  on  5  Mar  2015. 2  The  abstract  of  the  paper  is 
presented  below: 

“The  ability  to  filter  unwanted  light  signals  is  critical  to  the  operation  of 
quantum  memories  based  on  neutral  atom  ensembles.  Here  we  demonstrate  an 
efficient  frequency  filter  which  uses  a  vapor  cell  filled  with  85Rb  and  a  buffer  gas 
to  attenuate  both  residual  laser  light  and  noise  photons  by  nearly  two  orders  of 
magnitude  with  little  loss  to  the  single  photons  associated  with  our  cold  87Rb 
quantum  memory.  This  simple,  passive  filter  provides  an  additional  18  dB  atten¬ 
uation  of  our  pump  laser  and  erroneous  spontaneous  emissions  for  every  1  dB 
loss  of  the  single  photon  signal.  We  show  that  the  addition  of  a  frequency  fil¬ 
ter  increases  the  non-classical  correlations  and  readout  efficiency  of  our  quantum 
memory  by  35%. ” 2 

The  measured  results  from  these  experiments  indicate  that  a  35%  increased  readout  rate 
efficiency  can  be  achieved  through  the  use  of  the  85Rb  vapor  cell  as  a  filter.  These  results 
are  important  to  maximizing  the  operating  parameters  that  are  critical  to  the  realization  of 
a  quantum  network  based  on  neutral  atom  quantum  memories.2 


9.4  SEDD  Accomplishments  and  Conclusions 

Our  accomplishments  can  be  summarized  as  follows.  We  constructed  new  atom-based  vacuum 
chamber  setup,  established  quantum  memory  in  laser-cooled  atoms,  and  designed  architec¬ 
ture  and  obtained  components  to  do  quantum  frequency  conversion.  In  conclusion,  we  have 
achieved  quantum  correlated  photons;  however,  we  need  to  improve  rates.  We  have  quanti¬ 
fied  27-km  fiber  polarization  drift  and  will  be  able  to  stabilize  it.  We  have  determined  that 
determined  that  entanglement  rates  must  be  improved  for  viable  transmission  rates.  Our 
next  steps  include  increasing  optical  density  to  improve  rates.  We  need  to  achieve  quantum 
frequency  conversion  of  single  780-nm  atomic  photons  into  1324-nm  telecom  photon.  We 
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need  to  demonstrate  single  photon  emission  of  write,  read,  and  telecom  photons  to  establish 
polarization  control  over  ARL/JQI  fiber.  We  have  already  started  in- lab  tests  with  a  fiber 
spool. 

9.4.1  Collaborations 

We  established  strong  local  and  international  collaborations  with  preeminent  scientists,  in¬ 
cluding  Prof.  Winfield  Hensinger,  Univ  of  Sussex,  England,  scalable  quantum  system;  Prof. 
Dzmitry  Matsukevich,  Univ  of  Singapore,  atom-based  quantum  memories;  and  Prof.  Steve 
Rolston,  JQI,  remote  quantum  systems. 

9.4.2  Publications 

The  following  are  publications  and  presentations  by  SEDD  personnel  accomplished  during 
the  QNET-AP  project: 

D  Stack,  PJ  Lee,  Q  Quraishi,  A  simple  and  efficient  absorption  filter  for  single  photons  from 
a  cold  atom  quantum  memory.  Optics  Express  6822  (5  Mar  2015). 

D  Stack,  P  Lee,  Q  Quraishi,  Progress  toward  a  quantum  memory  with  telecom  wavelength 
conversion.  Proc.  SPIE  9123,  91230D-7  (2014). 

D  Stack,  I  Grissom,  P  Tang,  PJ  Lee,  Q.  Quraishi,  A  quantum  memory  with  telecom- 
wavelength  frequency  conversion.  Technical  Report  (in  progress)  (2014). 

D  Stack,  Cold  atom  quantum  memory  and  quantum  frequency  conversion  for  use  in  a  quan¬ 
tum  network.  ARL  Seminar  (15  Jan  2015). 

D  Stack,  I  Grissom,  P  Lee,  Q  Quraishi,  Optimization  of  a  quantum  memory  with  telecom- 
wavelength  conversion.  American  Physical  Society,  Division  on  Molecular  and  Optical  Physics, 
(DAMOP)  (2014). 

D  Stack,  Q  Quraishi,  P  Lee,  Progress  towards  a  quantum  memory  with  telecom-wavelength 
conversion.  SPIE  International  Symposium  on  Defense,  Security  and  Sensing  (2014). 

D  Stack,  I  Grissom,  P  Lee,  Q  Quraishi,  Towards  a  quantum  memory  with  telecom- wavelength 
conversion.  Southwest  Quantum  Information  and  Technology  (SQUINT)  Meeting  (2014). 

D  Stack,  P  Lee,  Q  Quraishi,  Progress  toward  a  quantum  memory  with  telecom  wavelength 
conversion,  SPIE  Baltimore,  2014. 

D  Stack,  Q  Quraishi,  I  Grissom,  RE  Meyers,  KS  Deacon,  A  Tunick,  P  Lee,  Progress  toward 
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a  quantum  memory  with  telecom  wavelength  conversion.  American  Physical  Society  (5  June 
2013). 


D  Stack,  Q  Quraishi,  P  Lee,  I  Grissom,  R  Meyers,  K  Deacon,  A  Tunick,  Progress  towards  a 
quantum  memory  with  telecom- wavelength  conversion.  American  Physical  Society,  Division 
of  Atomic,  Molecular  &  Optical  Physics  (DAMOP)  (Poster)  (2013). 

Q  Quraishi,  D  Stack,  P  Lee,  Quantum  frequency  conversion  of  atomic  ensembles  with  PPLN. 
Southwest  Quantum  Information  and  Technology  (SQUINT)  (Poster)  Meeting  (2013). 

RE  Meyers,  P  Lee,  KS  Deacon,  A  Tunick,  Q  Quraishi,  D  Stack,  A  quantum  network  with 
atoms  and  photons.  Proc.  SPIE  8518,  8518-14  (2012). 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


AFOSR 

Air  Force  Office  of  Scientific  Research 

APD 

avalanche  photodiode 

APT 

acquisition,  pointing  and  tracking 

ARL 

US  Army  Research  Laboratory 

ARO 

Army  Research  Office 

BBO 

beta-barium  borate 

CC 

coincidence  counts 

CHSH 

Clauser-Horne-Shimony-Holt 

CISD 

Computational  and  Information  Sciences  Directorate 

CPDS 

correlated  photon  detection  system 

DFG 

difference  frequency  generation 

DLCZ 

Duan,  Lukin,  Cirac,  and  Zoller 

DM 

dichroic  mirror 

DOD 

Department  of  Defense 

DOE 

Department  of  Energy 

DSI 

Director’s  Strategic  Initiative 

EIT 

electromagnetically  induced  transparency 

EOARD 

Air  Force  European  Office  of  Aerospace  Research  &  Development 

FWM 

four-wave  mixing 

GPS 

global  positioning  system 

HBT 

Hanbury-Brown  and  Twiss 

HOM 

Hong-Ou-Mandel 

ICFO 

Institute  of  Photonic  Sciences 

ITC 

International  Technology  Center 

JQI 

Joint  Quantum  Institute 
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LBO 

LLM 

MOT 

NGIC 

NIST 

ONR 

OTDR 

PCMC 

PM 

PMD 

POVM 

PPLN 

PZT 

QNET-AP 

QWP 

RDECOM 

SEDD 

SPDC 

TAMU 

UMBC 

USPTO 

WDM 


lithium  borate 

laser  line  mirror 

magneto  optical  trap 

National  Ground  Intelligence  Center 

National  Institute  of  Standards  and  Technology 

Office  of  Naval  Research 

optical  time-domain  reflectometer  PBS  polarized  beam  splitter 

photon  coincidence  measurement  component 

polarized-maintained 

polarization  mode  dispersion 

positive  operator  valued  measurement 

periodically  poled  lithium  niobate 

piezoelectric  transducer 

Quantum  Network  with  Atoms  and  Photons 

quarter  wave  plate 

US  Army  Research  Development  &  Engineering  Command 

Sensors  and  Electron  Devices  Directorate 

Spontaneous  Parametric  Down  conversion 

Texas  A&M  University 

University  of  Maryland,  Baltimore  County 

US  Patent  and  Trademark  Office 

wave  division  multiplexer 
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